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ABSTRACT 


The temperature dependence of the blue fluorescence of zine sulfide 
phosphors containing 10~? per cent silver and 0—-10-* per cent cobalt, 
under A 3650 excitation, has been measured over the temperature range 
of 120-600 K. The form of the temperature dependence curve and its 
shift toward lower temperatures on the introduction of cobalt are inter- 
preted in terms of the theory of hole migration. The activation energy for 
hole migration from silver luminescence centers is found to be 0.36 + .02 
electron volts. An estimate of the number of intrinsic killer centers in 
terms of cobalt centers is obtained. 


INTRODUCTION 


Various theoretical explanations of the temperature dependence of fluo- 
rescence in crystal phosphors have been advanced, but owing to the 
paucity of reliable measurements, there has been little attempt to examine 
these theories quantitatively. Recent theoretical studies by Klasens et al. 


(1, 2) related the fluorescence efficiency of the phosphor to the tempera- 
ture, the intensity of excitation, and the nature and number of impurity 
centers. The intensity dependence has been measured at a few fixed tem- 
peratures (3, 7, 8). It was clear that a more detailed study of the tempera- 
ture changes was needed, and this paper gives the results of such 
measurements. 


EXPERIMENTAL 


Phosphors.—Unless otherwise stated, the phosphors used were prepared 
in these laboratories using the following standard procedure. 

Pure zine sulfide, obtained by precipitation with hydrogen sulfide from 
an acid solution of a zine salt, was mixed with a solution of the activating 
compounds together with 2 per cent by weight of sodium chloride (rela- 
tive to the amount of ZnS). The mixture was dried at 110 C and the pow- 
der transferred to a silica crucible in which it was fired for 30 minutes at 
850 C in an atmosphere of nitrogen. At the conclusion of the firing, the 
furnace power was cut off and the temperature allowed to fall to 400 C 
before the crucible was removed. The phosphors were then washed with 
distilled water until the wash water showed only a trace of chloride ions. 

The resulting powders consist of cubic ZnS crystals having an average 
particle size of 2 u. 

In these experiments, a silver concentration of 10~* per cent by weight 

‘Manuscript received February 7, 1949. This paper prepared for delivery before 
the Philadelphia Meeting, May 4 to 7, 1949. 
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(= 9-10~-° atoms Ag per atom Zn) was used throughout. Analysis of the 
fired phosphors showed that the differences between the nominal and 
actual concentration of Ag and Co were insignificant. 

Measurements.—The apparatus with which the temperature dependence 
of the fluorescence was measured is sketched in Fig. 1. The phosphor was 
spread in a thin layer on the recessed surface of the aluminum block, A. 
This was cooled by immersing the protruding copper cylinder, B, in liquid 
nitrogen. When the temperature indicated by the copper-constantan 
thermocouple at C was sufficiently low, the liquid nitrogen was removed 
and a pair of electric heaters of the type used for heating small mercury 
diffusion pumps was clipped onto the copper cylinder, and the current 
was switched on. Readings were taken continuously during the warming 




















Fic. 1. Sketch of a vertigal section through the apparatus used for measuring the 
temperature dependence of fluorescence efficiency. 


of the phosphor. Two barrier layer photocells, D, were used to measure 
the intensity of the luminescence. Filters were used to isolate the required 
parts of the spectrum. For the blue band emitted by silver activated 
phosphors, a Wratten 47 was used, while ultraviolet reflected from the 
phosphor and its surroundings was prevented from reaching the photo- 
cell by a Chromex 2324 filter which is practically nonfluorescent. The 
green band emitted by some phosphors was isolated by 2 mm thickness of 
Chance OY2 glass, together with the Chromex 2324. A small proportion 
of the green band is transmitted by the Wratten 47 filter, and corrections 
were made for this when necessary. The exciting source, E, was a 125 
watt MBW mercury arc in a nickel oxide glass envelope. During measure- 
ments, the lamp current was manually adjusted to a constant value by 
means of a variable transformer. The photocells could be connected 
alternately to a low resistance galvanometer via a shunt box, and the 
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combination gave a linear relation between light intensity and galva- 
nometer reading within 1 per cent over the intensity range encountered. 
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Fic. 2. Temperature dependence curves of ZnS phosphors activated with 10? per 
cent silver and containing various amounts of cobalt. The letters refer to Table I. 
TABLE I 
Cobalt concentration ‘ 
Phosphor Curve killer « nig, 100 Ty 
number Fig. 2 wt% x | Co atoms lumin K Remarks 
. x 100 centers 
10° Ag atoms 
: 154/7 a 0 0.3 372 
i 179/3 0.1 0.018 0.32 366 
| 179/4 0.5 0.092 0.39 366 
i 179/2 1.0 0.18 0.48 365 
179/1 b 5.0 0.92 1.2 342 
174/3 c 10 1.84 2.1 318 
178/1 20 3.7 4.0 315 fired in air 
178/8 20 3.7 4.0 315 
179/8 d 20 3.7 4.0 302 
174/4 30 5.5 5.8 294 
178/3 Ci 40 7.4 i 286 quenched 
178/9 40 7.4 7.7 290 
174/6 f 60 11.1 11.4 282 
174/7 £ 70 12.6 12.9 271 
174/5 j 80 14.9 15.2 
178/6 h 80 14.9 15.2 268 fired at 960 C 
174/8 k 106 18.4 18.7 
174/9 m 200 36.8 37.1 
’ RESULTS 


Fig. 2 shows the temperature dependences of the blue emission band 

(A max 4550 A) for a few members of a series of phosphors containing 
increasing amounts of cobalt, and in Table I data concerning the complete 

i series are listed. Where possible, the maxima of all curves have been put 
equal to 100. The column headed 7; in Table I records the temperature 
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at which the ordinates of the curves pass through the value 50. No de- 
tailed measurements of the absolute efficiencies of these phosphors at 
their optimum temperatures have been made, but these did not differ 
by more than +5 per cent. The fall in efficiency at low temperatures 
found by many workers is, in our opinion, probably due to contamination 
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Fic. 3. Reflection spectra of ZnS containing silver and cobalt 
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Fia. 4. The effect of varying the exciting intensity on the temperature dependence 
of two ZnS: Ag phosphors. I. No cobalt, (a) exciting intensity 1.0; (6) exciting inten- 
sity 0.22. Il. 2-10-* per cent Co, (a) exciting intensity 1.0; (b) exciting intensity 0.22; 
(c) exciting intensity 0.03. 


with iron, and can be reduced to negligible proportions by suitable purifi- 
cation of the raw materials. Conversely, addition of iron to ZnS:Ag 
phosphors can so reduce the efficiency at low temperatures that the phos- 
phor may only fluoresce appreciably over a narrow temperature range. 
The introduction of cobalt had no influence on the spectral distribution 
of the blue band and no new emission attributable to the cobalt could be 
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found in the wavelength range 3700-9000 A. An absorption occurring at 
about 7000 A was found in the phosphors having high cobalt concentra- 
tions as shown in Fig. 3. 

The influence of the exciting intensity on the temperature dependence 
is shown in Fig. 4 for a phosphor containing silver only, and also for one 
containing both silver and cobalt. 

DISCUSSION 

Form of the temperature dependence curve.—It has been suggested (4), 
(5), (6) that the fall in luminescence efficiency of crystal phosphors with 
increasing temperature is due to the thermal excitation of electrons in the 
excited levels of the luminescent centers to a point at which the potential 
energies of the excited and ground states are close to one another. At this 
point, electrons can return to the ground state without emitting radiation. 


Such a mechanism would result in a temperature dependence curve of the 
form 


I 
‘ qT; -_ T+ SerR (I) 


Since the quenching is solely a function of the energy levels of the center 
itself, the temperature of quenching should be independent of the exciting 
intensity, and can only be influenced by the presence of other impurities 
if the latter are near neighbors of the luminescence centers in the lattice. 

That such an expression is inadequate in our case is shown by the shift 
in quenching temperature with changes in exciting intensity (Fig. 4). 
Also the effect of quantities of cobalt very much smaller than the number 
of silver atoms present is too great to allow of explanation by the sugges- 
tion of spatial association. These facts all indicate that the mechanism of 
temperature quenching is more complex. 

Klasens (1) has attributed the effect of exciting intensity and cobalt 
concentration to hole-migration. This theory has been worked out in more 
detail by Wise and Klasens (2).? 

With one kind of luminescent center and one kind of killer center, we 
have under equilibrium conditions: 


n= m+ mo + ny (II) 
dn, , 
Wt = J — By mm — Vis lM + i n= 0 (IIT) 
dns t ; 
it =" pod — Bonne — YVosNe + D yon = 0 (IV) 
C 
(uy + bo) J = n(Byn + Bone) (V) 
n = concentration of free electrons. 
n; = concentration of holes in luminescent centers. 


*A similar treatment, details of which were not available at the time of writing, 
has been developed by M. Schén, Z. Physik, 119, 463 (1942); Ann. Physik, 3, 22 (1948). 

*It is assumed that there is no saturation of the fluorescence, i.e., that m is always 
small compared with the total number of centers. 
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ny = concentration of holes in the filled band. 
nN». = concentration of holes in killer centers. 
“1 (us) = absorption coefficient in luminescent (killer) 
centers. 
Ys M1, (yxy M2) = rate of escape of holes from luminescent 
(killer) centers. 
l = rate of release of electrons from traps. 
J = exciting intensity. 
I = fluorescence intensity. 
I, = maximum fluorescence intensity on the tem- 
perature dependence curve. 
vis = Sen®/* 
B, nn,, (8B. nn.) = rate of recombination between electrons and 
holes in luminescent centers (killers). 
Ty, ny = ay Ne (Ny — 2) = rate of recombination between free holes and 
luminescent centers (NV;). 
If us < w; and the escape of holes from killer centers can be neglected it 
follows from (III), (IV), and (V) that 


Mid rd 
mM = - ’ [ = Bunn, = " ‘Xr 
Bin + vis Tye th vy Tye (VI) 
Pa t+ Tp Bly + Ty) 


The effect of the intensity on the efficiency of zine sulfide phosphors 
containing silver and cobalt as found by Klasens, Ramsden, and Chow 
Quantie (3) has been explained (2) by assuming that the rate of recom- 
bination of electrons with holes at killing centers is much faster than that 
of electrons with ionized silver centers (8. > 6,). This means that the 
number of holes in killing centers will always be small compared with the 
number of holes in luminescent centers over a large temperature range 
and we can write by approximation (n; and n. < mn, and thus n; — n) 


x ] 1/2 
I = By, n= () 


Equation (VI) then becomes 


pad ny Ty , 
= ] ’ VII) 
I t (Bit) "(Tp + Tye) 


For ig = 0, py = Io 


1/2 1/2 . 
and (7) - (7) = Be *"** (VIII) 


S-Tye 
where B= a 
(1o81)'/7(T p21 + T'ye) 
B is approximately proportional to the number of killer centers and in- 
dependent of temperature. We have, therefore, 


] 1/2 ] 1/2/) | 
In ‘( ‘ _ ( ) > = In B — E/kT 
\\7 IJ | ‘ 
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Using this expression and plotting against 1/7’, the curves m Fig. 5 
were obtained for phosphors containing small amounts of coba't 
(<3-10~* % Co). They consist mainly of parallel straight lines, the slope o. 
which gives E = 0.36 + 0.02 electron volts (ev). This is in agreement 
with the value of 0.37 ev found by Klasens, Ramsden, and Chow Quantie (3). 
Deviations from the parallel lines were found at low temperatures for 
phosphors with high cobalt concentrations. However, for most curves, it 
was still possible to estimate the value of /». These deviations are of great 
interest in themselves and they will now be considered. 

The form of the temperature dependence curve at high cobalt concentrations. 

As the cobalt concentration is increased, there is a regular shift in the 
temperature dependence curve toward lower temperatures until the cobalt 
concentration reaches about 3-!0-* per cent. Above this concentration, 
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Fic. 5. Some of the curves of Fig. 2 replotted as In } I -i ' against 1/7’. 


changes occur in the form of the temperature dependence curve which 
becomes progressively more marked as the concentration is increased. 

The extent of this change in shape is strongly influenced by changes in 
the preparative conditions of the phosphor. This effect is clearly evident 
in Fig. 2 by comparison of curves A and j corresponding to two phosphors 
of the same, high, cobalt concentration fired at 800 C and 950 C, respec- 
tively. For the lower cobalt concentrations this sensitivity was not found, 
phosphors being easily reproducible in all respects. 

At first sight, the change in slope which occurs with increasing cobalt 
concentration implies a change in the value of £. However, this quantity, 
which is the activation energy for hole migration from the blue emitting 
centers, should only be very slightly affected by the amounts of cobalt 
present in these phosphors. Furthermore, any lowering of the value of E 
due to the presence of cobalt would be expected to be accompanied by a 
shift of the blue emission band toward shorter wavelengths. No such shift 
was observed. One is, therefore, led to seek some other factor which may 
influence the temperature dependence. 
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Examination of the curves of Fig. 2 and 5 shows that the change in 
character occurs at roughly the same temperature in all cases. This sug- 
gests that the reason for the change is not primarily connected with the 
presence of the cobalt, but comes into play when the temperature depend- 
ence curve has been shifted to a low enough temperature. If this is the 
case, shifting the curve by other means should have a similar result. This 
can be done by lowering the exciting intensity and, for a phosphor having 
an intermediate cobalt concentration, the expected result was obtained. 
The curves are plotted in Fig. 6. At high exciting intensities a linear plot 
is obtained, but at low intensities part of the curve deviates in the same 
way as for phosphors with higher cobalt concentrations. 

It is suggested that electron traps which are filled at low temperatures, 
and which are known to be present in these phosphors, are responsible 
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Their effect on the equilibrium between free electrons, 
has been discussed briefly by Wise and Klasens (2). 
electrons and L-l empty traps (not associated with 
have 


. = an(L — 1) — 7,1 =0 
abn (IX) 
an + vt 


. 2 al 
I = Bunn, = Bin (1 + —s ~ ) 


. (2)" | 1 
n= By : (1 + al, i 
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Substituting in (VI) gives 


py vis Tye al ~~ 
—~ = a “(1 : 
I + (6,1)! 2. (T ys + l' 1) ( + an + -) 





or 
Iy\'” Oy E ; = 
In < = = — — k In B XI 
. (*") Ty yp trer™ (xD 
al - 
where Ff, = in (1 + : ) (XII) 
an+ ¥ 
At high temperatures y,, which is of the form se ~ #7 with EF equal 
40;-—- —— 
} 
701 } 
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Fic. 7. The relation between the cobalt concentration and B of equation (VIII). 


to the trap depth, becomes very large and the effect of the traps is negli- 
gible. At low temperature 


In ( 7) 2 ” (7)" 
\Y Io) | 


becomes too large by a factor F;. This factor is not only dependent on 
temperature but also on the ratio of L:n and can only become significant 
if L is at least of the same order of magnitude as n, or larger. In other 
words, the phosphor must contain a large number of shallow traps. It is 
quite possible that the depth and the number of these traps is directly 
influenced by the higher cobalt concentrations. If the cobalt centers act 
as shallow traps when not ionized, a possible explanation for the very 
short lifetime of positive holes at cobalt centers would be that as soon as a 
hole is captured by a cobalt center it recombines with the electron already 
trapped there. 

The value of F; has been calculated for the curves of Fig. 6 (11) and for 
some other phosphors. The accuracy of the measurements is not sufficient 
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to allow verification of equation (XI) but it is found that when F;, is large 
it does vary linearly with 1/7’. For the curves of Fig. 6 (II), the trap depth 
obtained from this calculation is 0.5 ev and the corresponding value of the 
factor wb for the escape of electrons from these traps is 6 X 10". 
Os 

The influence of the cobalt concentration—other killer centers.—The value 
of the factor B in equation (VIII) was calculated for most of the phos- 
phors from the values of 7:, taking for E the average value of 0.36 ev. 
In Fig. 7, B is plotted against the concentration of cobalt. When the latter 
is less than 70-10~° per cent, the results can be represented by a straight 
line, but for higher concentrations the B is too high, owing to the distor- 
tion of the temperature dependence curves discussed above, by the factor 
F,. It will be noticed that B is still finite for phosphors to which no cobalt 
has been added, indicating that other killing centers are present in addi- 
tion. This is, of course, not unexpected, but by plotting the results in this 
way we find that we can estimate the number of these centers in terms of 
cobalt centers. 

If we put 'y, = a; Ny, where N; isthe number of intrinsic killing centers 
and a; their cross section for hole capture, we have 


S Ip + Ty 
B= a XII 
([o8;)' ” Py + Dy + Iss ( ) 
S I" 53 r ry 
and B, = (XIV) 


(16)? Intl p 


when there is no cobalt present. 
Since B appears to vary linearly with Ty, (= a: N.), we can expand 
(XIII) as far as the term in Ty, thus 


1 S , Pyal' ps Pye J se 
B= -i ln + ———il— - — | X\ 
Py + Py (l081)' | " Tra + V'ys \ Pra + ys) ( 


Estimating that the true value of B in Fig. 7 does not deviate by more 
than 10 per cent from the straight line at 40 X 10-° per cent Co we can 
say that in (XV) 


Te  -94 (XVI) 


Mn t+ Ty 


Dividing the slope of the line by By we have 


on Tn _ = 63-10° (XVII) 
Iys(I'y1 + T'ys) 


Dividing (XVI) by (XVID), it follows that I'y,/f'y, < 0.004 and so from 
(XVII) we can say a:/a; N; = 6.3-10*. Assuming that a: = a; we find 
that the concentration of intrinsic killing centers is equivalent to a cobalt 
concentration of 1.6-10-° weight per cent. In column 5 of Table I, this 
equivalent number of intrinsic killing centers has been added to the num- 
ber of cobalt centers. 
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The presence of the intrinsic killing centers can be explained in various 
ways. It is possible that the starting material already contains enough 
impurities to cause this effect. On the other hand, it is conceivable that 
the structure defects present in most crystal lattices act as killing centers. 
To investigate this further, a well-crystallized commercial zinc sulfide 
phosphor activated with silver was crushed in a mortar. The phosphor 
became grey in appearance and an additional absorption extending over 
the whole range of the visible spectrum was found. The value of 7: had 
decreased from 378 to 342 K. This shift is probably partly caused by a 
reduction of the exciting intensity. That the number of killing centers 
had increased was, however, proved conclusively by a measurement of 














T a 
2+ B 4 
J 
A 
A 
| or i ae 
1 + 4. 
5 F 10 iS 
‘T 


Fic. 8. The intensity dependence of a well-crystallized ZnS: Ag phosphor (A) 
before, and (B) after, milling. For each curve, J has been put = 1 for J = 1. 


the intensity dependence, the results of which are shown in Fig. 8. The 


b 
slope of the curve J/J against (7) has increased after milling in accord- 
ance with an increase of the value of I'y, in equation (VII). 

CONCLUSIONS 

1. It has been shown that the form of the temperature dependence 
curve for zine sulfide phosphors containing silver as an activator and 
cobalt as a killer cannot be explained satisfactorily by a simple quenching 
process within the luminescent center, but that for low cobalt concentra- 
tions a satisfactory agreement between theory and experiment can be 
obtained using the theory of hole migration. The experimental value of 
the activation energy involved in this process agrees with that obtained 
from measurements of the intensity dependence of fluorescence. 

2. At high cobalt concentrations deviations from the theoretical curves 
occur which are shown to be not primarily due to the presence of the 
cobalt, but to be a secondary consequence of the large shift of the tem- 
perature dependence curve toward lower temperatures caused by the 
cobalt. Similar deviations are obtained by the use of very low exciting 
intensities with phosphors containing lower cobalt concentrations. It is 
suggested that these deviations are caused by the presence of electron 
traps. 
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3. The influence of the cobalt concentration on the quenching tempera- 
ture of the phosphor is in accordance with the theory of hole migration. 
The effective number of intrinsic killer centers present has been measured 
in terms of the cobalt concentration. It is shown that the presence of 
lattice defects can account for the presence of these killer centers. 
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SOME NEW COMPLEX SILICATE PHOSPHORS CONTAINING 
CALCIUM, MAGNESIUM, AND BERYLLIUM! 


ARTHUR L. SMITH 


Tube Department, Radio Corporation of America, Lancaster, Pennsylvania 


ABSTRACT 


The simple silicates of Group II metals have long been known as phos- 
phor bases. The only complex silicate containing two metals of Group II 
on which detailed information has been published is that containing zine 
and beryllium. This paper establishes that under certain conditions of 
preparation CaO-MgQO-2Si0,:Ti (diopside) is an efficient blue-emitting 
silicate under cathode-ray excitation. When cerium" is used as an acti- 
vator in this material, a highly efficient phosphor emitting mainly in the 
ultraviolet region is obtained. Manganese activation gives rise to a mate- 
rial emitting in two bands, orange and red, but the cathodoluminescent 
efficiency is poor. 

The compound 2CaO-Mg0O-2Si0, (akermanite) activated by cerium™! 
also emits in the ultraviolet region and is characterized by an extremely 
short decay time (about 10~® seconds). The 3CaO-Mg0O-28i0. compound 
(merwinite) is very similar, but is slightly less efficient. Neither of these 
two materials is effectively activated by titanium or manganese. 

Another complex silicate of unusual properties is CaO-BeO-SiO.: Mn 
(trimerite) which has a cathodoluminescent efficiency comparable to that 
of the zinc-beryllium silicates, with a long, moderately high-level phos- 
phorescence. 


INTRODUCTION 


All the simple silicates of Group II metals have been studied as phosphor 
matrices. Double, or complex, silicates of this group have also been in- 
vestigated, most notably those in the ZnO-BeO-SiO, system. Leverenz (1) 
has a number of generic patents on complex silicates in which substitution 
of Group IV members for silicon, as well as some substitutions among 
Group II members themselves, is disclosed. His work includes combina- 
tions of the oxides of zinc, beryllium, cadmium, and magnesium with those 
of silicon, titanium, zirconium, and germanium. Kroeger (2, 3) has recently 
mentioned that CaO-MgO-2Si0.:Ti is an acceptable blue-emitting sili- 
cate, but did not detail any specific properties or preparative conditions. 

There are, however, a number of other complex compounds of oxides of 
Group II metals with silica which heretofore have received little or no 
attention as phosphor bases. Such complexes may be found in the literature 
of ceramics, mineralogy, and crystallography. Table I shows those com- 
pounds which first received major attention. Included in the table are the 
metals found to be activators in these bases; parentheses enclose the acti- 
vators which gave phosphors of relatively low efficiency. 

The major difficulty of the investigation was the uncertainty whether 

‘Manuscript received May 31, 1949. This paper prepared for delivery before 
the Philadelphia Meeting, May 4 to 7, 1949. 
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these compounds could be prepared at temperatures attainable with the 
conventional phosphor-firing equipment. Previous work on the synthesis 
of these compounds had been in the region of 1350-1600 C. C. Burton 
Clark (4) has prepared all the compounds possible in the CaO-MgO-SiO, 
system and published complete x-ray diffraction information. The first 
concern was, therefore, whether compound formation could occur between 


1150-1250 C, and, if it did, whether reaction would be complete within. 


a reasonable time. It was subsequently determined that all of the com- 
pounds listed in Table I could be prepared in a pure form below 1250 C, 
provided suitable firing techniques were employed. Reactions were generally 
complete within 2 hours. During the investigation of the Ca0O—-MgO-Si0O. 
system, a definite reaction mechanism was discernible. The results of this 
phase of the problem will be published in the future in another journal. 


MATERIALS 


The purest grade of commercially available materials was used. The 
‘-alcium carbonate, magnesium carbonate, silicic acid, and titanium dioxide 


TABLE I. Complex silicate phosphors 


Compound Activator 
CaO-MgO- SiO: (monticellite) Mn) 
CaO-MgO-28iO: (diopside) Ce, Ti, (Mn) 
2CaO-MgO-28i0O2 (akermanite) Ce 
3CaO-MgO-2SiO:2 (merwinite) Ce 
2CaO-ZnO-28iO:2 (hardystonite) Ce 
CaO - BeO - SiO: (trimerite) Mn 


were Mallinckrodt’s Special Luminescent Grade. The zinc oxide, manganous 
carbonate, and beryllium oxide were chemically pure grade; the cerous 
nitrate was the best material available from Lindsay Light Company. 


GENERAL PREPARATION OF PHOSPHORS 


The treatment of all phosphors preparatory to firing was the same. The 
requisite quantities of materials were introduced into a pebble mill as a 
water slurry and milled from 8 to 24 hours. The milled slurry was dried at 
120-180 C, and the resultant soft-caked product broken and placed in 
suitable silica-glass containers ready for firing. 

Firing was conducted either in the hearth of the furnace under at- 
mospheric conditions or in a tube in which a definite atmosphere, generally 
hydrogen plus steam, could be maintained. Fig. 1 shows the method of tube 
firing employed. The steam atmosphere was generated by permitting water 
from a reservoir to drip into the inclined tube. As the water ran down the 
tube it reached the heated portion and was rapidly vaporized. By this 
method, a steam atmosphere is maintained without the usual difficulties 
encountered when steam is piped into the system. 


TESTING OF PHOSPHORS 


Excitation conditions —The materials were excited in the demountable 
chamber of the spectroradiometer previously described by A. E. Hardy 
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(5). The defocused electron beam had an accelerating potential of 8,000 
volts and a current density of 0.5 microampere per square centimeter. 

Emission characteristics—The spectral distribution in the visible region 
was measured by means of the spectroradiometer. Emission in the ultra- 
violet region was determined with the aid of a Bausch and Lomb quartz 
monochromator. The two curves, obtained with the two instruments for 
a given material, were combined to give a single emission curve, such as 
those given in Fig. 4 and 5 

Efficiency of phosphors.—The peak and visual efficiency values of phos- 
phors emitting in the visible region were obtained directly from spectro- 
radiometer readings. Representative samples were used as arbitrary stand- 
ards. The ultraviolet-efficiency values were determined’ by means of an 
unfiltered multiplier phototube having an S-4 surface. This ultraviolet- 
efficiency value (like the visual-efficiency value) differs from the peak-effi- 
ciency value in that in the ultraviolet measurement the total area under 





Fic. 1. Equipment used for phosphor firing 


the emission curve is measured, while the peak efficiency is only the effi- 
ciency at the peak wavelength irrespective of the breadth of the emission 
curve. 

Decay characteristics —The absolute decay values of the cerium-activated 
compounds were determined by specialized equipme: . developed by O. H. 
Schade.? Relative measures of the persistence were obtained by a technique 
devised by A. E. Hardy. A metal baffle containing holes } inch (.64 em) 
in diameter was placed over the glass plate containing the puddled samples 
in such a way that each sample was exposed through one of the holes. The 
phosphors were then excited by single-line scanning at 15,750 cycles per 
second with an electron beam of 8 kilovolts and 8 microamperes per square 
centimeter. The emitted radiation fell on a multiplier phototube having an 
S-4 surface, and the signal from the phototube was fed into an oscilloscope. 
The pattern on the oscilloscope gave the build-up and decay as a function of 
time during the scan interval (Fig. 2). The retrace of the electron beam 
across the phosphor patch gave rise to a secondary pulse at about the middle 
of the decay interval. However, as can be seen in Fig. 2, this pulse is 
negligible. 


The equipment and associated circuits developed by O. H. Schade will be de- 
scribed in a paper to be published sometime in the future. 
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Fig. 3. Spectral distribution of phosphors. (1) (¢ 
(3) CaO-MgO-SiO2:Mn (oxidized). 
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The decay values of the CaOQ-BeO-SiO.:Mn phosphor were found by 
utilizing square-wave pulsing of the electron beam. For these measure- 
ments also, a multiplier phototube and oscilloscope were employed in a 
system described by A. E. Hardy (5). 

RESULTS 
CaO-MgO- SiOz (Monticellite) 

This material was the least efficient base material tested. Only manganese 
activation (concentration: 1-5 mole per cent) gave a measurable cathodo- 
luminescence, and this value was but 5 per cent of the peak efficiency of 
manganese-activated willemite (Zn2SiO,:Mn). The emission was com- 
pletely in the red region, as shown in Fig. 3. Different methods of prepara- 
tion gave rise to some change in the spectral distribution. When hydrogen - 
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steam firing was employed, the emission was that indicated by curve 2 
in Fig. 3. If, however, the carbonates were converted to nitrates by the 
addition of nitric acid, the mixture evaporated to expel all residual acid, 
and then fired in air at 1250 C, the emission was that of curve 3. Air firing of 
the carbonates with silica gave inhomogeneous products. Because the use 
of fluxing agents (CaCl, and/or MgCl.) always gave rise to a product con- 
taining diopside (CaO: MgO -2Si0.), their use was discontinued. 

Cerous activation (1-5 mole per cent) gave rise to some luminescence, 
but it was of such low order of magnitude that no accurate data could be 
obtained. 


2CaO -MgO-2Si02 (Akermanite) 


Akermanite is not effectively activated by either titanium or manganese, 
but cerium™ activation gives rise to a phosphor of good efficiency. The 
emission lies mainly in the ultraviolet region, with the peak wavelength 
occurring at 3700 A (Fig. 4). 
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The cerium-activated akermanite is best prepared by firing the requisite 
proportions of ingredients at 1250 C in a steam-hydrogen atmosphere. 
Without steam the reaction is incomplete in two hours, and the same type 
of gray product is obtained which Froelich found in cerium-activated 
phosphates (6). A less efficient phosphor resulted upon firing a materiab 
with Ce™! added as CeCl; in a nitrogen-steam atmosphere than upon firing 
the material with the cerium added as Ce(NQO3); in a hydrogen-steam at- 
mosphere. 

The most noteworthy characteristic of this phosphor is its extremely 
short decay time, which is in the order of 10-* seconds, being almost of the 
same order of magnitude as the ultraviolet decay component of zinc oxide 
phosphors (7, 8). Although a long time component is also present in this 
material, it is not objectionable for most tube applications. 

When activated by manganese, inhomogeneous products were always 
obtained no matter what technique of firing was employed. This result is 
unusual because 2CaO-MnO-2S8iO, is presumed to exist. This compound 
supposedly has the same basic structure as 2CaO-MgO-2Si0O»2, and hence 


aa . a , , III as ‘ 
TABLE II. Efficiency and persistence of Ce activation (6 mole per cent) under 
cathode ray excitation (defocused beam, 8 kv, 0.5 wamp) 


Compound Relative efficiency Relative persistence 
CaO-MgO-28i02 155 >>5 
2CaO-MgO-28i02 120 2 
3CaO-MgO-2S8i02 105 3 
2CaO-ZnO-28i02 50 1 


should form at least a limited solid solution. It may be concluded, there- 
fore, that either 2CaO-MnO-2Si0. does not exist or it is not soluble in 
2CaO-MgO- 2810s. 


38CaO-MgO-2Si0, (Merwinite) 


Merwinite and akermanite are similar. Manganese and titanium bring 
about little or no emission when reaction is complete; incomplete reaction 
may be detected by a varicolored luminescence (orange plus red particles) 
with manganese as an activator. 

When cerium activation is used, a phosphor is obtained which resembles 
akermanite in all respects, with the exception of slightly longer persistence 
and lower efficiency (Table II). 

The preparation of this phosphor is the same as that of 2CaO-Mg0O- 
28i0.:Ce. 


CaO-Mg0O-2Si0, (Diopside) 


This compound is activated by either titanium or cerium, and much less 
effectively by manganese. Although all the compounds in the Ca0Q—Mg0- 
SiO. system gave some emission when activated by titanium, this particu- 
lar compound, when properly prepared, has peak efficiencies eight to ten 
times higher than the others. Titanium-activated willemite (Zn.SiO,:Ti) 
is the closest of any other silicate in peak value, being of the order of 70-75 
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per cent of diopside: Ti. The ZnSiOQ,: Ti as a television screen material has 
the disadvantage of having a very narrow emission band (very much like 
the narrow band obtained with manganese). Diopside, however, has a much 
more desirable broad band. In comparison to other blue-emitting silicates. 
which have been either prepared or tested in this laboratory, the diopside: Ti 
is the most desirable in both efficiency and spectral distribution. 

Titanium activation—When this material is prepared by simply milling 
the requisite ingredients and firing, it is as inefficient as its congeners. 
X-ray diffraction examination of the products fired for two hours at 1250 C 
indicated rather poor crystal structure, even when steam was used. On the 
assumption that well-crystallized materials might provide more efficient 
phosphors, suitable fluxes were sought. 

Chloride fluxes were chosen primarily because they could be washed 
from the final product. Calcium chloride proved quite effective in raising 
the efficiency; magnesium chloride less effective. A combination of the 
two, however, was more effective than either alone. When these chloride 
fluxes were used, it was noted that they reacted with the silica com- 
ponent, giving rise to volatile products containing both silicon and chlo- 
rine. The presence of these volatile products necessitated the use of excel- 
lent hood facilities for the furnace equipment. Because of these undesirable 
side reactions, compensation had to be made for the silicon volatilized and 
for the excess calcium and magnesium thereby introduced into the product. 

Froelich (9) in his investigations of the simple silicates activated by 
titanium had found that the use of some sulfates as starting materials was 
beneficial. For this reason, the addition of sulfate to this compound was 
tested, the introduction being made through equimolar ratios of calcium 
and magnesium sulfates. These sulfates, too, acted as reactants, so further 
compensation for silica had to be made. When the proper ratios had been 
determined, the peak efficiency had been further raised so that an eight- to 
tenfold increase over that of the original mixture had been obtained. 

The addition of the sulfate probably lowers the melting point of the 
mixed chloride flux in the same manner that Primak, et al. (10) had found 
in the sulfate-fluoride flux combination used in infrared-sensitive phophors. 
Whether lowering the melting point of the flux (and obtaining, therefore, 
better fluxing action) was responsible for the slightly increased efficiency, 
or whether it was due to the incorporation of sulfate ions as such, is not 
known. No lattice distortion could be found when the sulfate flux was used, 
but the amount incorporated could have been so small as to escape detec- 
tion. 

In addition to increasing greatly the peak efficiency, the flux also permit- 
ted some control over the particle size of the finished phosphor. After the 
remaining flux was washed free, the product was found to be of rather uni- 
form particle size, very free flowing, and easy to handle. 

The emission curve of CaO-MgQ-2Si0.:0.05Ti is shown in Fig. 5. The 
very broad curve peaks at 4150 A and is affected very little by either pre- 
parative conditions or titanium concentrations below 10 mole per cent. 
Although the peak efficiency is only 35 per cent that of manganese-activated 
zine orthosilicate, it more efficiently converts electron energy into radiant 
energy because its emission in the short-wavelength region is so consider- 
able. It is also to be noted that under cathode-ray excitation, diopside is 
the most efficient near-ultraviolet emitting material yet developed. Un- 
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fortunately, this high efficiency is obtained only under cathode-ray excita- 
tion; little or no emission is observed under 2537 A excitation. 

Cerium activation.—Diopside:Ce, when prepared in a manner similar to 
the preparation of akermanite:Ce, shows an emission curve of the same 
general type as given in Fig. 4, but with an over-all efficiency that is 25 
per cent greater. The decay of this phosphor is at least two, and more 
probably three orders of magnitude slower than those previously described. 

Manganese activation.—Although CaO -MgQO-2s8i0.: Mn is more efficient 
under cathode-ray excitation than other complex manganese activated 
calcium-magnesium silicates, its emission is of such low value that it is 
only of theoretical interest. Fluxes, hydrogen-steam firing, or other firing 
techniques do not appear to raise the efficiency to any great extent, nor 
change the emission as they did for monticellite. 
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Fic. 5. Spectral distribution of phosphor CaO-MgO-2Si02:Ti 



































As previously reported (11), the emission spectrum of this material 
exhibits two peaks (Fig. 3). Because the calcium ions in diopside are in 
eightfold coordination and the magnesium in six, the conclusion was drawn 
(11) that manganese in eightfold coordination exhibits yellow to orange 
emission. This is an extension of the coordination picture of Linwood and 
Weyl (12), and Schulman (13), the complete picture now showing green 
emission when manganese is in fourfold coordination, red emission in six- 
fold coordination, and yellow to orange emission for eightfold coordina- 
tion. This hypothesis is still being subjected to further experimentation. It 
is significant that the heights of the two peaks are most affected by firing 
variations, with the red peak increasing at the expense of the orange as 
the firing time is increased. This condition cannot be attributed to in- 
complete reaction, because the x-ray diffraction photographs of materials 
showing both bands will show only the diopside structure. A more plausible 
explanation is that a diffusion process is operative in which manganese 
diffuses from the calcium lattice sites to those of magnesium with a corre- 
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sponding decrease in the orange emission and a corresponding increase in 
the red. Since this work is still incomplete, further discussion must await 
additional experimental evidence. 


2C'aO - ZnO -2S8i0» (Hardystonite) 


2CaO-ZnO-28i0.:Ce is prepared in the same way as its magnesium 
analogue with the exception that the firing temperature is 1000 C instead 
of 1250 C because fusion occurs at about 1100 C. In this preparation a 
plentiful supply of water vapor is essential to shift the equilibrium of the 
reaction 


Zn + H.O = H. + ZnO 


far to the right. 





CaQ-BeO: Si02: Mn 
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Fic. 6. Spectral distribution of phosphor CaO- BeO-SiOe: Mn 


Although the cathodoluminescent efficiency of the phosphor is less than 
half that of 2CaO-MgO-2Si0.:Ce, its decay time is measurably shorter. 
Of all the cerium-activated materials tested, the decay time of this phosphor 
approaches most closely that of the ultraviolet band of the zine oxide 
phosphor. 

* CaO-BeO- SiO, (Trimerite) 

Efficient phosphors could not be obtained in this base when cerium or 
titanium were used as activators. With manganese, however, a phosphor 
was obtained which had at least 80 per cent of the cathodoluminescent 
efficiency of the zinc-beryllium silicates. The spectral distribution of the 
emission curve is shown in Fig. 6. Of considerable interest is the fact that 
this curve shows but one emission peak, which is invariant for a wide range 
in the Ca/Be ratio. Only when this ratio is very high or very low is the 
shape of. the curve changed appreciably. Of greater importance is the 
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(CaBe)O/SiO, ratio. As this ratio is reduced from 2, the color shifts slightly 


toward the red, but even this shift (about 150 A in going from a ratio of 
2 to 1) does not approach that which can be attained by variations in the 
ZnO -BeO-SiO. system. 

The phosphorescence caused by cathode-ray excitation is of high level 
and long duration (decays to | per cent of original value in 500 milliseconds), 
As yet this material does not compare with the cascade type screen or with 
the zinc-magnesium fluoride type, but it may find application where some 
intermediate phosphorescence of the e~ type is desired. 


CONCLUSION 


Within the framework of this investigation, phosphors of very diverse 
properties have been discovered—Ca0O - BeO -SiO.: Mn with an exceptionally 
high cathode-ray excited phosphorescence, and the cerium-activated sili- 
cates, 2CaO-MgO0-2S8i02:Ce, 3Ca0-Mg0-2S8i02:Ce, and 2CaO-ZnOQ- 
28i0,:Ce with persistences so short that they approach that of the ultra- 
violet band of ZnO: (Zn). 

In addition, a simple and practical method for the preparation of titan- 
ium-activated diopside (CaO-MgO-2Si0.) has been developed. This mate- 
rial is an efficient blue-emitting silicate. 

Further work on the materials reported here is necessary and desirable, 
particularly to obtain more detailed and precise decay curves. Other com- 
binations of Group II metal oxides with silica are already under investiga- 
tion and give promise of phosphors of theoretical as well as practical interest. 
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LUMINESCENCE AND CONDUCTION IN SOLID SOLUTIONS OF 
CERIUM SULFIDE IN STRONTIUM SULFILE'™ 


EPHRAIM BANKS ann ROLAND WARD 
Polytechnic Institute of Brooklyn, Brooklyn, New York 


Solid solutions of Ce.8; in SrS were prepared by fluxing with LiF. X-ray 
precision lattice constant measurements show a solid solubility of 1 atom 
per cent for nitrogen-fired samples and 10 atom per cent for H.S-fired 
samples. This difference in solubility is connected with the formation of 
Ce,0.8 by reaction with traces of oxygen or moisture in the nitrogen. The 
existence of such a high solubility limit is explained on the basis of the 
formation of vacancies in the cation lattice (Schottky defects). Measure- 
ment of ionic conductivity confirms this. From the x-ray and conductivity 
data, it is concluded that Ce enters the SrS lattice in the trivalent state and 
in substitutional positions. The luminescent properties of both series of 
solid solutions show a shift with increasing cerium concentration. The 
emission peak of the N,-fired series shifted from 4900 AGn a sample with 
0.5 atom per cent Ce)to 5100 Afin samples with 2 per cent Ce or morelsThe 
emission peak of the H.S-fired samples shifts from 5050 A(at 1 per cent Ce 
to 5700 A(at 10 per cent CeIn this series, all samples with 3 per cent Ce 
or more are only fluorescent, while those with lower Ce content are phos- 
phorescent. These shifts are explained on the basis of a lowering of the 
bottom of the conduction band with respect to the emitting levels, causing 
the shift toward longer emission wavelengths, and with respect to the shal- 
low phosphorescent traps, causing the transition from phosphorescence to 
fluorescence 


INTRODUCTION 


To acquire an understanding of the nature of the “active centers” in 
phosphors, it would appear to be most essential to know the valence state 
of the impurity ions and whether they enter into the base lattice in sub- 
stitutional or interstitial positions. 

In this laboratory, we were concerned with the infrared-stimulable 
phosphors of the type described by Urbach (1), Ward (2-4) and others. 
These are alkaline-earth sulfides and selenides activated with cerium and 
samarium or europium and samarium. Under the conditions of preparation, 
europium has been shown to be divalent (5) and samarium at least partially 
trivalent (6). 

The present work was initiated with the object of obtaining information 
concerning the valence state of cerium in an alkaline-earth sulfide matrix. 
The method of approach was to examine the properties of the system at 
high cerium concentrations by means of x-ray diffraction and other appli- 
cable methods, and to deduce therefrom the situation in phosphors. 

‘Manuscript received June 13, 1949. This paper prepared for delivery before the 
Philadelphia Meeting, May 4 to7, 1949. Part of the work reported here was performed 
under Contract NObsr-39045 with the Bureau of Ships. 

*Abstracted in part from a dissertation presented by Ephraim Banks to the Grad- 
uate Faculty of the Polytechnic Institute of Brooklyn, in partial fulfillment of the 
1equirements for the degree of Doctor of Philosophy. 

‘Present address: University of Connecticut, Storrs, Connecticut 
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EXPERIMENTAL 
Samples were prepared by grinding together mixtures of strontium sulfide, 
cerium (III) sulfide, and lithium fluoride flux (6% by weight), in qu: intities 
valculated to give a definite atom per cent cerium, which is taken as the 
ratio of the number of cerium atoms to the total number of cerium and 
strontium atoms. These mixtures were heated for one hour at 1000 C, in 
atmospheres of purified nitrogen or hydrogen sulfide, after which they were 
allowed to cool in the furnace. The produc ts were reground, a sample was 
taken for x-ray analysis, and the remainder was molded in a hydraulic 
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Fic. 1. Sealed system for conductivity measurements. A, A’—leads to battery 
and galvanometer; B, B’—platinum contacts; C—sample; D—thermocouple; | 
heater and insulation; F—spring assembly for maintaining contact pressure; G 
ground glass joint; H, I—connections to vacuum pump and gas supply. 

Fig. 2. Solubility of Ce** in Sr8S. Lattice constant vs. Ce concentration of CeS8;- 
SrS mixtures. O—fired in Ne, @ fired in H.S 
press to give disks 3 mm thick. The disks were heated for one hour under 
the same conditions. 

X-ray powder photographs were taken of the powders, and lattice 
constants were computed from the back-reflection lines, using the Strau- 
manis technique to correct for film shrinkage. The disks were used for meas- 
urement of emission spectra and for conductivity measurements. Emission 
spectra were measured under constant ultraviolet excitation by means of 
a photomultiplier tube at the exit slit of a constant deviation spectrometer. 
Conductivities we s measured as a function of temperature in the sealed 
apparatus of Fig. 1. The measurements were made by means of a battery 
and a sensitive BP tned sua 5 X 10-'° amp/mm). Forward and reverse 
currents were measured alternately to minimize polarization effects. 
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Vol. 96, No. 5 SOLID SOLUTIONS OF Ce.8; IN SrS 
RESULTS AND DISCUSSION 

The results of x-ray analyses for two series of mixtures are shown in Fig. 2 
in which the lattice constant is plotted against composition of the original 
mixture. The curve for the series of samples which were heated in nitrogen 
indicates a solubility limit at about one atom per cent Ce. The results ob- 
tained with the samples heated in hydrogen sulfide, on the other hand, show 
that much more extensive solution is obtained, the limit being at about 10 
atom per cent cerium. The reason for this difference is not known, although 
it is probably due to the presence of some oxide introduced as moisture in 
the nitrogen. Cerous sulfide is rapidly converted to Ce,O.S when heated in 
moist nitrogen or hydrogen. The presence of hydrogen sulfide reverses this 
reaction. The decrease in lattice constant of the strontium sulfide which 
occurs on addition of cerium suggests that the cerium enters into substi- 
tutional positions and remains trivalent. The ionic radius of Cet* is 1.05 A 
and that of Ce*? is 1.13 A, calculated according to Pauling (7). On the same 
basis, the radius of the divalent strontium ion is 1.13 A. Thus, divalent 
cerium in substitutional solid solution in SrS should have very little effect 
on the unit cell dimensions. If either divalent or trivalent cerium ions 
entered into interstitial positions, an increase in lattice constant would be 
noted, rather than the observed decrease. Tetravalent cerium can be ruled 
out on the basis of the conditions of preparation. 

For such a high solubility, it is reasonable to suppose that lattice defects 
are introduced to maintain electrical neutrality and because of the de- 
crease in lattice constant, the occurrence of vacant cation positions is 
postulated. One hole (vacant Sr lattice point) should be introduced for 
every two cerium atoms in solid solution. 

The presence of these holes should be detectable by their influence on the 
low-temperature ionic conductivity, as shown by Koch and Wagner (8). 

The theory of ionic conductivity in solids is adequately treated in several 
places (9, 10). These treatments are based on the postulate that ionic 
conduction takes place through the migration of lattice defects under an 
electric field. The expression for conductivity takes the form: 


e¢= @oc- (3 Wo +- Uo) kT 


where o = conductivity. 
Wo = energy required to form a pair of Schottky holes at absolute 


zero. 

U’) = activation energy for motion of an ion from one equivalent 
position to another. 

k = Boltzmann constant. 


= absolute.temperature. 


The symbol oo includes factors for the temperature dependence of the 
energies U’ and W and the vibrational frequency of the ions. By the intro- 
duction of permanent lattice defects due to the presence of trivalent cations 
we can, in effect, determine the energies Up and W» independently. At low 
temperatures the contribution of the thermally-formed holes to conduc- 
tivity is negligible compared with the contribution from the permanent holes. 
The slope of the conductivity-temperature curves and the magnitude of 
the conductivity at low temperatures should be markedly dependent upon 
the cerium concentration. At high temperatures, the lattice defects intro- 
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duced thermally should make the major contribution to the conductivity, 
giving rise to curves which are essentially independent of the cerium con- 
centration. 

The conductivities of four of the samples prepared in hydrogen sulfide 
are shown in Fig. 3, which is a plot of log o against 1/7’. At high tempera- 
tures, the curves fall approximately on the same straight line, as predicted 
by the theory. The average slope of the lines gives a value of about 24,000 
calories per mole for (3 W» + Uo). At low temperatures, there is a change in 
slope which occurs at higher and higher temperatures as the cerium con- 
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Fia. 3. Solid solutions of Ce.S,; in SrS-H.S fired. O—1 atom per cent Ce, @—5 
atom per cent Ce, ©—7 atom per cent Ce, ®—10 atom per cent Ce. 


centration increases. This is to be expected, as the number of thermally- 
produced holes is a definite function of the temperature, and the slope 
begins to change as this number becomes comparable to the number of per- 
manent defects. The behavior of the conductivity as a function of tempera- 
ture confirms the conclusion that trivalent cerium goes into substitutional 
solid solution in strontium sulfide, with the formation of Schottky defects. 

From the low-temperature slopes of the curves, values of Uy were com- 
puted ranging from 1600 cal/mole for the one atom per cent sample to 
250 cal/mole for the 10 per cent sample. By subtracting these values from 
the value of 24,000 cal/mole for (5 Wo + Uo), we obtain values of Wo, 
the work required to form a pair of defects, ranging from 45,000 to 47,500 
cal/mole. Such a value is considered reasonable for a divalent ion in a 
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rock-salt type lattice, when compared to the values of 23,000 cal/mole 
found for NaCl by Smekal (11) for sodium chloride and 25,000 cal/mole 
found for silver chloride by Koch and Wagner (8) 

These solid solutions show an interesting variation in luminescent proper- 
ties. The series of samples which were fired in nitrogen all showed green 
fluorescence and phosphorescence upon excitation with ultraviolet light. 
This emission appeared to be similar to the characteristic luminescenc e 
of cerium-activated strontium sulfide. The emission spectra of several of 
these samples are shown in Fig. 4. They show the expected decrease in 
brightness with increasing cerium concentration, since the optimum con- 
centration for these phosphors is in the range | ‘of 100 to 250 ppm. The 
first peak in the emission shifts from about 4900 A in the sample containing 
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Fig. 4. Emission spectra, SrS—Ce.8;—N2 fired. O—0.5 atom per cent Ce, @— 
1.0 atom per cent Ce, O—2.0 atom per cent Ce, @—3.0 atom per cent Ce. 


0.5 per cent cerium to 5100 A in the samples containing 2 to 3 per cent. This 
emission shift stops somewhere between one and two atom per cent Ce, 
with the peak remaining at a constant wavelength beyond this point. 

The samples fired in hydrogen sulfide showed two marked differences 
from the nitrogen-fired samples. Among samples containing 1, 3, 5, 7, 10 
20, and 50 atom per cent Ce, only the 1 per cent sample showed any persist- 
ent phosphorescence. In addition, there was a visible shift in emission color 
toward longer wavelengths as the cerium concentration was increased from 
green in the 1 per cent Ce sample to a deep red in the 10 per cent sample. 
The 20 per cent Ce sample showed a faint red fluorescence, while the 50 
per cent sample was nonluminescent. 

The emission spectra of these samples are shown in Fig 5. There is a 
shift in the first peak from 5050 A at 1 per cent to 5700 A at 10 per cent 
cerium, with a concomitant decrease in intensity. 

This shift in spectral emission, paralleling a shift in lattice constant is 
common in phosphor systems where the lattice dimensions are changed by 
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the formation of solid solutions (e.g., SrS-CaS; ZnS—CdS8). In this case, 
however, the change in lattice constant and the associated emission shift 
are achieved by the activator itself. 

The change of emission from longer to shorter wavelengths is not con- 
sistent with the direction of change of the lattice constant. Thus, in the 
ZnS-CdS system, where the lattice constant is increased with increasing 


~ @ 
3 


RELATIVE. ENERGY 
a 
= 








~- ANGSTROMS 


Fic. 5. Emission spectra, SrS—Ce.S; solid solutions H.S fired. OI—SrS—1 mole 
per cent Ce, @I1—SrS—3 mole per cent Ce, ®@III—SrS—5 mole per cent Ce, OIV— 
SrS—7 mole per cent Ce, ©V—SrS—10 mole per cent Ce. 
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CdS concentration, the emission shifts to longer wavelengths, while the 
incorporation of CaS in solid solution shifts the emission of SrS phosphors 
to longer wavelengths even though it causes a decrease in lattice constant. 
It appears that a fundamental explanation of these shifts will be quite 
complicated and that the lattice constant change is not very simply re- 
lated to the emission shift. 

A simple qualitative explanation based on the band theory of solids can 
be offered. In the solid solutions with which we are dealing, there seems to 
be a lowering of the bottom of the conduction band with respect to the 
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emitting levels as the concentration of cerium in solid solution is increased. 
By decreasing the energy separation between the conduction band and the 
emitting levels, we obtain a shift to longer wavelengths. This is illustrated 
in Fig. 6, showing peak emission (in electron volts) plotted against cerium 
concentration. The curves for both sets of samples show an energy decrease 
up to the solubility limit. In the curve for the nitrogen-fired samples, the 
shift stops between one and two atom per cent, while in the curve for the 
H.S-fired samples, there is a continuous decrease up to 10 per cent. 

The disappearance of phosphorescence between one and three per cent 
in the H.S-fired samples is an indication that the conduction band is also 
being lowered with respect to the thermal traps responsible for normal phos- 
phorescence. Their position, just as the emitting levels, appears to be fixed 
with respect to the shifting conduction band. Thus, as the conduction band 
is lowered, it begins to overlap the shallow traps, resulting in a disappear- 
ance of phosphorescence. Beyond the region of 1 to 2 per cent Ce, the 
shallow traps have all merged with the conduction band, and fluorescence 
only is observed, since the lifetime of an electron in the conduction band is 
of the order of 10~* seconds. The persistence of phosphorescence in the 
nitrogen-fired samples is taken as an indication that the lowering of the 
eonduction band has ceased before it could merge with all the shallow traps. 


SUMMARY 


¥. By measurements of lattice constants and ionic conductivities of 
solid solutions of cerium(IIT) sulfide in strontium sulfide. it hassbeen-shown 
that cerium probably enters the strontium sulfide lattice in the trivalent 
state and in substitutional positions. 

These solid solutions show a shift in emission peak toward longer wave- 
lengths as the quantity of cerium in solid solution is increased. These 
shifts parallel a decrease in lattice constant, and are accompanied by a 
transition from phosphorescence to fluorescence. These phenomena are 
explained in terms of a lowering of the conduction band as the cerium con- 
centration increases. 
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SOME SOLID SOLUTIONS OF THE RARE EARTH SULFIDES IN 
STRONTIUM SULFIDE! 


HARRY L. YAKEL,? EPHRAIM BANKS, ann ROLAND WARD? 
Polytechnic Institute of Brooklyn, Brooklyn, New York 


ABSTRACT 


The nature of various solutions of rare earth sulfides in strontium sulfide 
has been investigated. The procedure used depended essentially upon the 
precision determination of the lattice constants of the solutions. 

LaS;, CeS3, ProS;, NdoS;, SmoS;, and Gd.S; were prepared by heating the 
respective anhydrous chlorides in H.S at elevated temperatures. Solutions 
of each were made up by intimately grinding weighed amounts of the rare 
earth sulfide, strontium sulfide, and a lithium fluoride flux and firing the 
mixtures for one hour in a stream of H.S at a temperature of 1000 C. 

The results of the lattice constant determinations on these solutions 
showed that all the rare earth sulfides studied are appreciably soluble in 
strontium sulfide. (The anomalously high solubilities of Nd.S; and Sm,8; 
cannot, at present, be explained.) The data also indicate that the rare 
earth ions in solution remain in the trivalent state. It was also shown that 
the solutions are substitutional in nature, two rare earth ions replacing 
three strontium ions in the SrS lattice. This substitution leads to the forma- 
tion of holes in the cation lattice thus making the solutions defect structures. 


INTRODUCTION 


Lattice imperfections, or defects, in numerous crystalline substances have 
become the object of intensive investigation in recent years. This interest 
has resulted mainly from the fact that many properties of solids such as 
phosphorescence, electrical conductivity, and color centers can be explained, 
at least qualitatively, in terms of lattice defects. 

In the investigation reported in this paper, the nature and extent of the 
solid solutions of several rare earth sulfides in strontium sulfide were de- 
termined. The procedure, which was suggested by previous investigations 
on infrared sensitive phosphors (1), depends upon the determination of 
the lattice constants of the solid solutions. 


EXPERIMENTAL 


Preparation of the rare earth sulfides—The sulfides of trivalent lanthanum, 
cerium, praseodymium, neodymium, samarium, and gadolinium were pre- 
pared by heating the corresponding anhydrous chlorides in a stream of 
hydrogen sulfide at 700-800 C. The analyses of products given in Table I 
indicate that the products were reasonably pure. 

‘Manuscript received June 13, 1949. This paper, prepared for delivery before the 
Philadelphia Meeting, May 4 to 7, 1949, abstracted from a thesis by H. L. Yakel 
submitted to the Department of Chemistry of the Polytechnic Institute of Brooklyn, 
1949, in partial fulfillment of the requirements for the degree of Bachelor of Science 
in Chemistry. ; ' 

2Present address: California Institute of Technology, Pasadena, California. 

3Present address: University of Connecticut, Storrs, Connecticut. 
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Preparation of the solid solutions ——Appropriate mixtures of each rare 
earth sulfide with strontium sulfide were prepared by grinding in an agate 
mortar. The composition of the mixtures is expressed as atom per cent rare 
earth ion in total cation content. A series of such mixtures was prepared for 
each rare earth sulfide, the number in each series depending on the solu- 
bility limit of the rare earth ion. 

Approximately 12 per cent by weight of lithium fluoride was also ground 
into each mixture. This was done in order to facilitate the formation of the 
solid solutions upon heating the mixtures. It is highly improbable that the 
lithium fluoride served any other function (2). 

The mixtures were placed in suitable platinum boats and heated in an 
atmosphere of hydrogen sulfide for one hour at 1000 C. The lattice con- 
stants of the products were then determined. The consistency of the results 
indicated that this heating period was sufficient to establish equilibrium. 
Additional experimental evidence of the attainment of equilibrium was 
obtained by approaching the equilibrium point in the opposite direction. 
The calculated amount of strontium sulfide was added to a 12 per cent 
solution of Gd.S; to give a mixture containing 5 atom per cent of gadolin- 


TABLE I 





| ; 7 a 
Compound Color | % S found | % S theor. | %RE. 





| %RE 

| found | theor. 

La:Ss Yellow | 24.9 | 25.7 75.2 | 74.3 
CeSs | Violet 25.4 | 25.5 74.3 74.5 
Pr2Ss Dark brown 25.4 25.4 | 74.5 | 74.6 
Nd2Ss Dark brown 26.1 25.0 73.2 75.0 
Sm283 Brown 24.6 24.2 75.3 75.8 
GdoSs Brown 23.2 23.5 75.3 76.5 
Yb:Ss Yellow 21.8 21.7 78.1 | 78.3 


ium. Upon heating this mixture, a product was obtained which gave the 
same lattice parameter as a 5 per cent solution prepared directly from 
Gd.8; and SrS. This was done for several mixtures. 

The presence of a hydrogen sulfide atmosphere during the firing pro- 
cedure was very essential, as shown by the extreme difference in solubility 
between solutions fired in Ne and those fired in H.S (1). 

X-ray techniques.—A Philips symmetrical back-reflection focusing camera 
was used for solutions containing relatively small amounts of rare earth 
sulfides. The Bradley and Jay extrapolation was used to obtain lattice 
constants to about one part in 10,000. With solutions containing higher 
percentages of rare eafths, it was found that the back reflection lines be- 
came too broad and weak to give a satisfactory photograph with this cam- 
era. A Philips radian powder camera of conventional design was used, there- 
fore, for these samples. The Straumanis technique was used to obtain the 
lattice constants, the Bradley and Jay extrapolation being again employed 
to obtain an accurate parameter. The average precision in these determina- 
tions was about one part in 5,000 although with some of the higher Sm 
and Nd samples the precision fell as low as one in 2,000. 

The limits of solubility of the rare earth sulfides were taken as the per- 
centage at which the lattice constants of the solutions became sensibly 
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constant. In most cases, this was checked roughly by observing the ap- 
pearance of lines of a second phase in the Straumanis photographs of mix- 
tures with higher rare earth ion content. 

RESULTS 

Limits of solubility —The results of the lattice constant determinations 
for the Pr.S;-SrS series given in Table II are typical. It is evident from the 
lattice parameter data and from the appearance of the new phase in the 
forward reflections that the limit of solubility is 16.0 per cent. 

Table III gives the results of similar solubility determinations for the 
other five rare earths studied. The lattice constant as a function of atom 
per cent rare earth ion for lanthanum, cerium, praseodymium, and gado- 
linium solutions are given in Fig. 1, while similar diagrams for neodymium 


TABLE II. Solutions of Pr** in SrS 


Atom % Pr Lattice constant Phases appearing in front reflections 
0 6.0079 Pure Sr8S cubic 
5 5.9858 Sr8 solid solution 
10 5.9657 SrS solid solution 
20 5.9410 SrS + additional phase lines 
30 5.9395 SrS + additional phase lines with increased intensity 
Solubility limit = 16 atom per cent 


TABLE III. Solubility limits for other rare earths 


Rare earth Firing atmosphere Solubility ae 7% tare 
Las* HS 15.8 
Ce3* H2S 10.1 
Pri* H2S 16.0 
Nd#* H2S 45.0 
Sm3* H2S 54.0 
Sm** N2 4.5 
Gds* HS 11.6 


and samarium appear in Fig. 2. It can be seen that the limits of solubility 
do not increase or decrease in any regular manner. At present no logical 
explanation of the unusually large solubilities of neodymium and samarium 
can be advanced. 

It is interesting to note the marked difference in the solubility of sa- 
marium in SrS when the mixtures are heated in hydrogen sulfide and when 
they are treated in nitrogen. The data for the latter are given in Fig. 1. 
This is possibly due to the presence of oxygen or moisture in the nitrogen 
gas. 

Nature of the solid solutions.—It has been established that, in the solid 
solutions of cerium in strontium sulfide, the cerium ions are trivalent and 
are in substitutional positions (1). The consequent creation of vacant cation 
sites causes the observed decrease in lattice constant. It is reasonable to 
suppose that the other rare earth ions with which we are concerned behave 
in a similar manner when dissolved in strontium sulfide, since in each case 
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the lattice constant decreases with the addition of rare earth ion. Addi- 
tional evidence for this conclusion arises from the following considerations. 
The introduction of the same atomic percentage of any trivalent ion in sub- 
stitutional solid solution should lead to the creation of a constant number 
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Fic. 1. Lattice constant vs. atom per cent rare earth for solid solutions of various 
rare earths in SrS. @—La* solutions, O©—Ce** solutions, ®—Pr*’ solutions, @ 
Sm*? solutions (Ne fired), O—Gd*? solutions. 
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Fic. 2. Lattice constant vs. atom per cent rare earth for solid solutions of Sm** 
and Nd** in SrS. O—Sm* solutions (H.S fired), @—Nd solutions (H.S fired). 


of vacant cation sites. The decrease in lattice constant caused by the 
presence of holes should, therefore, be the same for all equivalent solutions. 
Since the size of the rare earth ions decreases with increasing atomic num- 
ber, however, we should expect that the lattice constant of equivalent so- 
lutions would decrease linearly with the radius of the rare earth cations. 








308 YAKEL, BANKS, AND WARD November 1949 


In Fig. 3, the lattice constants of the 10 atomic per cent solutions of the 
rare earth ions are plotted against the ionic radii of the rare earths. The 
experimental points are, within experimental error, on a straight line, the 
slope of which is in the expected direction. 

From these results the conclusion can be drawn that the samarium ion, 
in solid solution in strontium sulfide, remains in the trivalent state. The 
very high solubility of neodymium and samarium in strontium sulfide 
cannot be due to the reduction of these ions to the divalent condition. 

The extraordinarily high solubilities of the neodymium and samarium 
ions in the strontium sulfide lattice is of considerable interest. The per- 








centage of holes, y, introduced into the lattice is given by y = {+2 where 
A is the atom fraction of the rare earth ion. 
5. 98F- 
Ola 
5.97Fr 
= Ce 
x Pr © 
= 
™ 5.965 Nd 9 
5.95 osm 
Gd 
ee eee, a ae 
on 110 us 120 1.25 


APPARENT IONIC RADII 


Fic. 3. Lattice constants of various 10 per cent solutions vs. apparent ionic radii 
as given by Goldschmidt. 


For the saturated solutions of neodymium and samarium which are at 
9.45 and 0.54 atom fractions respectively, we may write the formulae Srj.75 
NdiaXo754 and Sriss Smi7z0 Xoss8s, where X represents the holes. The 
formulae indicate the average number of vacant cation sites per unit cell. 
The formula for the saturated gadolinium solution is approximately 
Srs.1 1do,6.X 9 PS 

Some effort should be made to discover the reason for the greater stabi- 
lizing influence of the neodymium and samarium ions. It is conceivable that 
it may be due to some differences in the binding forces between the sulfide 
ion and the rare earth ions. 


SUMMARY 


Various solid solutions of rare earth sulfides in strontium sulfide have been 
prepared and their lattice parameters determined. 
The results show that all the rare earth ions studied are extensively 
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soluble in strontium sulfide. Neodymium and samarium have abaormally 
high solubilities. These solutions are probably of the substitutional type in 
which two rare earth atoms replace three strontium atoms leaving a vacant 
cation site. 

From the dependence of lattice constant change upon the size of the rare 
earth ion, it can be concluded that samarium is in the trivalent state when 
in solid solution with strontium sulfide. 

A formula for the unit cell representing the number of “holes” is sug- 
gested. 


Any discussion of this paper will appear in the discussion section of Volume 96 of 
the TRANsactTions of the Society. 
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THE EFFECT OF MINOR ALLOYING ELEMENTS ON THE 
RATE OF DISSOLUTION OF ALUMINUM IN BASES! 
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ABSTRACT 


The dissolution rate of aluminum in 0.5N bases, NaOH, Ba(OH)., and 
NH,OH is increased by the addition of several minor alloying elements, 
especially by those of low hydrogen overvoltage, e.g., Pt, Fe, and Cu. These 
metals act as cathodes of the local elements. The rate of solution of alu- 
minum is shown to be proportional to the log of the concentration in per 
cent by weight of the alloying element up to 5 per cent. The activity of 
local currents should cease at approximately 0.000016 to 0.000004 per cent 
(for Fe and Cu). 

The effect of alloying elements with high hydrogen overvoltage is en- 
tirely different. Zn, Cd, and Pb slightly increase the rate of dissolution of 
aluminum. Bi does not influence the rate, and Sn and Sb retard the dis- 
solution rate. No simple relations were found for these alloys nor in the 
case of Mg and Ca when alloyed with aluminum. 


INTRODUCTION 


The question of whether the dissolution of aluminum in bases is caused 
by the activity of the local elements is still unsolved. Some observers, e.g., 
Centnerszwer (1), working with metals of different purity, 99.95 to 99.0 
per cent, found no differences between the reaction rates in NaOH and 
NH,OH. In consequence, it was concluded that in the dissolution of alu- 
minum in bases the local elements are ineffective; i.e., the process is not 
electrochemical. Schikorr (2) also could prove that the degree of purity of 
aluminum was of slight importance when dissolving in strong bases. Miiller 
and Léw (4), working with high purity aluminum made by Gadeau (3), 
stated that the local elements retain their effect even in basic solutions. 
Independently, the authors of this paper show that the rate of solution of 
99.998 per cent aluminum distinctly increases on addition of small amounts 
of Cu or Pt salts to the basic solution (5). The present paper reports the 
rates of solution and the relationship between these rates and the concen- 
tration of the minor element in aluminum. These data indicate that the 
rate of dissolution of aluminum in bases is a function of the activity of 
local elements present. 


‘Manuscript received May 27, 1949. This paper prepared for delivery before the 
Chicago Meeting, October 12 to 15, 1949. 
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EXPERIMENTAL PROCEDURE 


In the preparation of alloys of aluminum with different minor elements, 
the purest metals were used: Al [99.998%, Gadeau (3)], Mg (99.99%, 
Gadeau), Pt, Fe, Cu, Zn, Cd, Sn, Sb, Pb, Bi, Ca (Kahlbaum or Merck); 
only Si was 99.5 per cent pure. The relatively low purity of the Si accounts 
for the fact that few experiments with AI-Si alloys were run. 

The weighed metals were placed into a small AlO; crucible, diameter 
12-13 mm, which fits into a device of refractory glass. An atmosphere of 
pure dry hydrogen was maintained and the bottom of the vessel was put 
into a furnace at a temperature such that the melting point of the aluminum 
was exceeded by approximately 100C. The melt, under hydrogen, was 
stirred vigorously for 30 minutes with an Al,O; rod and then cooled. Then 
plates 10 mm in diameter and 4 to 5 mm thick were cut from the samples. 
Unfortunately, these sample alloys frequently contained cavities which 
rendered them useless. Cavities on the inside of the plates may have es- 
caped observation and may be responsible for irregularities encountered 
during the dissolution process. This may have been true when dissolution 
rates were high. 

The experiments were carried out in three highest purity bases: NaOH, 
Ba(OH)2, and NH,OH; all three 0.5N. The preparation of the plates for 
these tests and of the apparatus used for the measurement of the disso- 
lution rate has been described previously (6). The volumes of evolved 
hydrogen were corrected to standard conditions of temperature, pressure, 
and dryness. The rates of dissolution were measured by these volumes which 
were expressed in mm*/cm? min of dissolving aluminum surface by the re- 
lation: 


AtF ° 


The stirring speed was about 120 + 5 revolutions per minute. The rates 
of the first five-hour periods, excluding the first 30 to 60 minutes which 
were erratic, were chosen for comparison. When the rate of dissolution was 
low, the tests were continued for longer times. 


EXPERIMENTAL RESULTS 


The minor alloying elements may be divided into three classes depending 
upon the effect of the element on the dissolution rate of aluminum in bases. 
The classes are as follows: (a) those elements that accelerate the dissolution 
of aluminum very effectively; (b) those elements which do not affect the 
rate appreciably; and (c) those elements which decrease the rate of solution. 

The rates of dissolution of Al-Pt, Al-Fe, and Al-Cu alloys in NaOH, 
Ba(OH),, and NH,OH.—These particular alloying metals, Pt, Fe, and Cu, 
were chosen for the following reasons: Pt, because it manifests the lowest 
hydrogen overvoltage; Fe and Cu, because they occur in perceptible quan- 
tities even in the purest aluminum and because of their low overvoltage. 
Table I indicates the progress of a dissolution experiment with time for 
an aluminum alloy containing 0.01 per cent Pt (by weight). 

The tests start at a rapid rate as in all dissolution experiments with Al 
in bases (7). The rate decreases within an hour and then reaches a very 
flat maximum. 
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TABLE I. 


Time min 


10 
20 
30 
60 
90 
120 
150 
180 
210 
240 
270 
300 
330 
360 
390 


Averate rate 30-360 min. 
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Experiment 13a 
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The rate of dissolution of the Al-Pt (0.01%) alloy in 05N NaOH at 25 C 


Experiment 13 








Ai Av 
o cm 10 » com 10 
Al Al 

1.34 66.7 1.15 57.2 

2.31 48.3 2.21 48.3 
3.46 57.2 3.17 §2.3 

6.91 57.2 6.67 58.0 
10.25 55.4 10.10 56.9 
13.73 57.7 13.64 58.7 
17.34 59.8 17.24 59.7 
20.88 58.7 20.88 60.3 
24.39 58.2 24.53 60.5 
27.95 59.0 28.28 62.2 
31.55 59.7 31.93 60.5 
35.15 59.7 35.68 62.2 
38.70 58.8 39.28 59.7 
42.52 63.3 43 .29 66.4 
46.04 58.3 46.95 60.7 
58.3 59.2 

Pr 
500 }— } - : 


0.5N N@OH 


















Ni 
-| 
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logc 


Fic. 1. The rate of solution of Al alloys in 0.5N NaOH is proportional to the log 
of concentration C in weight per cent of the nobler element (Pt, Fe, Cu). 


In the figures and tables, average rates are given, which for the most 
part are the averages of two experiments, but in several cases are the aver- 


ages of four or six tests. Fig. 1 


shows the dissolution rate data obtained in 


0.5N NaOH for the alloys containing Pt, Fe, and Cu. 
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The surface of the plates after the experiment was very uneven and 
covered with a thick layer of black precipitate, especially in the cases of 
higher percentage of alloying element. The increased surface may have in- 
duced a higher rate of solution while the precipitate may have retarded 
the reaction, since the diffusion of fresh alkali to the reaction surface was 
hampered. In many cases a flat maximum rate could be observed, but 
there were experiments which showed no maximum, but continued in- 
creasing rates. The average rates of the first 3 to 6 hours of reaction were 
chosen for comparison and a relationship between the rate of solution of 
the aluminum alloy and the concentration of the nobler alloying element 
could be represented by: 


V=a+blogC (1) 


where V is the hydrogen evolution rate in mm*/cm? min, C = per cent by 
weight, and b is the slope constant. 

The agreement is much better if the rates obtained in the first 1 to 2 
hours, after the 4 hour of the initial period, were used for comparison when 
the reaction surface is more even. However, the authors believe that the 
choice described above is closer to the actual circumstances. 

The three equations describing the rate of solution of Al-Pt, Al-Fe, and 
Al-Cu alloys in 0.5N NaOH are: 


Vatrt = 375 + 156 log C (11) 
Varre = 193+ 63logC (IIT) 
Vaircu = 185+ 46logC (IV) 


They are correct up to 5 per cent of the content of the nobler metal. The 
highest deviation (approximately 30%) from the equation could be ob- 
served only in one point for the case of copper [equation (IV), Fig. 1]. This 
deviation is one which frequently occurs in corrosion work. 

A solution of 0.5N Ba(OH). was chosen to determine the behavior of 
the above alloys in a strong divalent base. 

The alloy containing platinum dissolved very irregularly so that the re- 
lationship of the rate of solution with the concentration of Pt in Fig. 2 is 
shown only as a broken line. The agreement with equation (I) was better 
in the case of Al-Fe and Al-Cu alloys. It is believed that this last alloy 
follows equation (I), although only two series of tests were made. 

The equations representing the dissolution of Al-Fe and Al-Cu alloys 
in 0.5N Ba(OH), are: 


II 


Vai-re 209 + 39 log C (V) 
Vai-cu = 130 + 24 log C (VI) 


The dissolution rates of Al-Pt and Al-Cu alloys in a weak base, 0.5N 
NH,OH, were determined. The measured average rates of these alloys agree 
quite well (see Fig. 2) with the equations: 


Vairpt = 60+ I6logC (VII) 
Vai-cu = 24+ £S5logC (VIIT) 
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The dissolution rates in NH,OH show a more distinct tendency to gradu- 
ally decrease than in other bases, since the Al(OH); does not dissolve in 
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Fic. 2. The rate of solution of Al-Pt, Al-Cu, Al-Fe alloys in 0.5N Ba(OH), 
and NH,OH. 


TABLE II. The average rates of dissolution of Al with different minor elements in 
0.5N NaOH, Ba(OH)., and NH,OH at 25 C. 


Average rate V in mm?*/cm? min 
Minor element in % by weight 


NaOH Ba(OH): NH,OH 
0 15.6 54 10.5 
Zn 0.1 25 42 = 
0.5 60 — _ 
1.0 34 60 5 
Cd 0.1 50 _ — 
0.5 22 61 
1.0 26 58 - 
Sn 0.1 11 33 5-12 
0.5 10 40 8-30 
1.0 16 76 12-38 
Sb 0.5 12 60 6 
1.0 14 32 7 
2.0 15 29 6 
Pb 0.5 14 71 
Bi 0.5 16 76 - 
Si 0.5 47 46 
Mg 0.1 16 68 3.1 
0.5 29 55 
1.0 41 63 2.7 
5.0 24 51 0.2 
Ca 0.5 17 83 
1.0 20 52 
2.0 62 — 


NH,OH but partly coprecipitates with the metallic precipitate on the 
plates and hampers the diffusion of the fresh solution to a greater extent 
with other bases. 
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The rates of dissolution of Al alloys with other minor elements in 0.5N 
NaOH, Ba(OH)., and NH,OH.—If the pure Al is alloyed with metals of 
high hydrogen overvoltage or with less noble elements than aluminum it- 
self, e.g., Ca, Mg, entirely different velocity curves can be obtained. The 
average rates obtained with nine alloys are summarized in Table II and 
indicate that no simple relationship exists between the solution rate and 
the concentration of the specific alloying metal. 

In the first row, the average rates of purest Al in 0.5N bases are men- 
tioned for comparison (6), (8). From this table it can be seen that the 
velocity of dissolution of aluminum is: 


(a) Slightly increased by: Zn, Cd, Mg, Si in NaOH 
Cd, Mg, Pb, Bi, Ca in Ba(OH). 
Sn in NH,OH 
(b) Not influenced by: Bi, Ca in NaOH 
Zn, Si in Ba(OH), 
(c) Retarded by: Sn, Sb, Pb in NaOH 
Sn?, Sb in Ba(OH). 
Sb, Zn, Mg in NH,OH 


The behavior of Si was not studied in detail because it contained Fe. 
The possibility exists that this element was the active part and not the Si 
itself. 


DISCUSSION 


The data show that even 0.01 per cent of a noble metal with low hydrogen 
overvoltage when alloyed with purest Al will accelerate the dissolution 
rate of the Al to a remarkable degree. Two questions arise: First, what 
will be the influence of these metals if present in Al in much smaller quanti- 
ties? Second, do the small quantities of Fe and Cu which are still present 
in the Al influence its rate of solution? The calculated equations allow us 
to make some estimations in an attempt to answer these questions. From 
equations (III), (IV), (V), (VI), and (VIII), the amount of Cu and Fe 
present in the purest Al can be calculated using previous data for the dis- 
solution rates of this metal in 0.5N NaOH, Ba(OH),, and NH,OH (6), 
(8) 15.6, 54, and 10.5 mm */cm? min, respectively. For the Fe and Cu 
content of the plates dissolved, the following values were calculated: 


Per cent Fe in Al Per cent Cu in Al 
NaOH 0.0016 0.0026 
Ba(OH): . 0.0001 0.00068 
| ere. fe et eee en ee ae | Pe eee 0.002 
analyses by Gadeau (3) 0.0002 0.0003 


The order of magnitude in percentage of these minor elements in Al is 
the same as found by Gadeau by chemical analysis. A better agreement 
can scarcely be expected since the empirical equations are only approxi- 
mate, e.g., changing the slope constant in equation (VIII) from 5 to 4, and 
this is quite possible, the Cu content is then calculated as 0.00013 per cent 
instead of 0.002 per cent, a result that is even below the result of Gadeau. 
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It is also possible that the distribution of minor elements throughout the 
Al ingot was not uniform, and the disks cut from the ingot could easily 
contain varying amounts of the minor element. 

However, the calculations show that the aforementioned formulas re- 
produce correctly the relation between the velocity of dissolution of Al in 
bases and the content of minor elements (Fe and Cu) in the interval of 
0.0002 per cent to 5 per cent or even to 10 per cent, that is, over a range 
of 4 or 5 powers of 10. 

With regard to Pt, there is an exception. Since its activity is very violent, 
and it may be at low Pt concentrations in Al, the dependence is somewhat 
different from that shown by equation (I1). Thus, the impurities present 
in the 99.998 per cent Al really influence its dissolution in bases and, finally, 
the purity of Al required in order not to dissolve at all in 0.5N bases at 
room temperature can be computed. For this condition equation (1) takes 
the form: 


a+ blogC = 0 


and values for C can be calculated as follows: 


Per cent Fe in Al Per cent Cu in Al 
NaOH . 0.00087 0.0012 
Ba(OH): 0.000005 0.000004 
NH,OH...... bnisvhealadakdvcmdeedasaasahnerskinoeel § _¢0nnuae 0.000016 


The values for NaOH are evidently false, but the figures obtained dis” 
solving Al in Ba(OH). and NH,OH show that the limit lies between 0.000004 
and 0.000016 per cent by weight of Fe or Cu in Al. It is at present im- 
possible to obtain a metal of such a high degree of purity. Of course, that 
is only a theoretical estimation because there will be some other factors 
that will not allow the velocity of dissolution of Al to approach zero in 
bases. 

How the rate of dissolution of the alloys changes with concentrations 
other than 0.5N bases was not investigated. 


CONCLUSIONS 

The fact that the rate of dissolution of Al in bases increases gradually 
with the content of minor metals of low overpotential can be explained 
only by the activity of local elements. The noble metal particles act as 
sathodes, the Al as the anode. Further, the experiments show that the most 
active cathodes are the Pt particles. The Fe and Cu particles follow in that 
order. The sequence of metals with increasing hydrogen overpotential is 
exactly the same as shown by measurements both by us and by others (9). 
Finally, aluminum dissolving in bases shows the “difference effect,” which 
was first described by Thiel and Eckell (10, 11) and recently shown by 
Streicher (12). The presence of the effect is a direct proof for the activity 
of local currents and, consequently, for the electrochemical theory of dis- 
solution of aluminum. 

Since metals with high overvoltage form local elements of low and very 
low current, they do not affect appreciably the dissolution rate of Al in 
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bases. For this reason the relation between velocity of dissolution and the 
concentration of minor elements in Al could not be detected previously and 
led, therefore, to the false conclusion of inertness of local elements in basic 
solutions. A semilogarithmic plot covering a wide range of concentration 
of the minor element in the Al allows one to find the equation in question. 
Other investigators, except Miller and Léw, did not have available Al of 
highest purity with which they could observe the effects of impurities over 
the full range of the curve. With the materials available to them, they were 
required to confine their studies to the middle section of the curve where 
the effect is scarcely observable. 


Any discussion of this paper will appear in the discussion section of Volume 96 of 
the TRANSACTIONS of the Society. 
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THE VAPOR-PHASE DEPOSITK IN OF REFRACT( RY MATERIALS 


}. Genera CONDITIONS AND APPARATU sh 


I. E. Camepegup, C.F) Power, D,H. Nowi¢kt, anp B. W. li : 
Battelle, Memorial Institute; Columbus, Ohio 


ABSTRACT 


General conditions and apparatus for applying coatings of the debra. 
tory metals, carbides, nitrides, borides, silicides, and oxides by vapor-phase 
deposition are described. This’ process consists essentially of teducitg,' re- 
acting, or decomposing a volatile compound of the coating material at a 
heated surface. Thick, adherent deposits' have been obtained on a variety 
of bases, both metallic and nonmetallic.'A few of the: properties of the de- 
posits are described, along with their limitations and: potential. uses as pro- 
tective coatings for high-temperature service. 


INTRODUCTION 


Current interest in high-temperature processes has renewed interest, in 
protective coatings for service at elevated temperatures: A cursory examit 
nation of tables of even the simplest refractory materials shows that 
conventional methods, such as electroplating, hot-dipping, painting, ete., 
are not suitable for application of coatings of many of these materials. 

The most generally suitable processes for depositing or forming coatings 
of the refractory metals, carbides, borides, silicides, and nitrides are the 
vapor-deposition processes formerly used on a limited scale in preparing 
lamp filaments. In these processes, a volatile compound of the material 
which is to be deposited is passed over the work which is heated to a tem- 
perature at whch the compound is decomposed or reduced at the surface 
to form an adherent coating. The by-products of be pl: ating reaction can 
either be pumped off, flushed off in a stream of “carrier” gas, or removed 
by combination with a mass of heated metal ineluded in the system. 

These processes should not be confused with the well-known “evapo- 
ration” and “sputtering” processes which are not considered here. The 
vapor-deposition processes can be used to deposit coatings of the most re- 
fractory materials at temperatures far below their melting points or at 
temperatures where their vapor pressures are negligible. Coatings varying 
from less than a micron to several millimeters in thickness can be formed 
in plating times varying from a few minutes to several hours in duration. 
Most vapor-deposition processes can be carried out either in a vacuum or 
at atmospheric pressure, and they always involve a chemical reaction at 
the plating zone. 

Coatings made in this way at high temperatures are frequently more ad- 
herent and stable under high-temperature operation than materials de- 
posited at low temperatures (as by electrodeposition), which have a greater 
tendency to flake away when heated. 


‘Manuscript received May 7, 1949. This paper prepared for delivery before the 
Philadelphia Meeting, May 4 to 7, 1949. 
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A considerable amount, of information is ayailable, on, specific coating 
processes, particularly on the formation of carbide coatings, and on the 
deposition of some of the refractorymetals, but nearly all of the previous 
work’Has been confined to the coating of wires, and only a moderate amount 
of work has been directed toward the development of coating processes of 
general experimental and commercial utility. 

In work at Battelle Memoriab:Institute for Project RAND on the. anals 
ysis of ‘methods for applying and/or forming refractory coatings, aeom# 
prehensive investigation of vapor deposition methods has been carried ‘ott, 
In the course of this work, procedures already outlined in the literatane 
have been checked:and missingdata has been provided. ; 

The present article is the first-in a series of articles designed to pr ovide 
a comprehensive summary of work at Battelle and elsewhere on the’ for; 
mation of refractory coatings by, vapor-deposition methods’ and gives. @ 
general introduction to the vaper-deposition processes—including types.of 
reactions used, coatings prepared, general conditions for formation ofthe 
varioys coatings, properties of the coatings, and possible applicatidns' A) 
the coatings. 


DISCUSSION we 


Coating materials un 


The selection of a coating material will normally be governed: by! five 
factors: (1) its melting point, (2) its resistance to attack by Hét' vasés'(B) 
its mechanical properties at both low and high temperatures, (4) the cost 
of materials and labor involved in producing the coating, and (5) the stra- 
tegic availability of the material: While a coating, material;,can..be.convens 
iently evaluated from its properties in the order given, the use to which'a 
coating is to be subjected will determine which factor'is'to' be émphasized: 

Table I lists the, potentially,useful refractory or high-melting, materials 
which have been applied as coatings by vapor-deposition processes..I’ 
fall into six classes which are arranged as follows: (1) Metals, (2) varbrdes; 
(3) Nitrides, (4) Borides, (5) Sificides, and (6) Oxides. une 

Exact formulas are not alw ays given for compounds because, of the’ fre 
quent possibility of more than.ene being formed and existing togatines, an 
solid solution, biel nerdegeus’t 

Also listed in Table I are melting points and estimates of dating ductitity 
and air-oxidation resistance o— mitee properties of prima MDOT 


evaluating coating materials. « A nd) obidiwo aowl 


Coating processes ») obi 1a vaisiasorud 

Vapor deposition consists essentially of reducing or decomposing a vol- 
atile compound of the coating material upon the surface of a heated body. 
A summary of the conditions necessary for the practical employment ef 
this method, as given by Van Arkel (i), an English version of Which’ a 
pears in Maxwell’s report (2), follows: “The material must readily ‘form 
volatile compound which dissociates sufficiently at a temperature: Ect 
melting point of the coating material so that the partial pressure: ofthe 

material in the vapor state is higher than the normal vapor presstire’ of the 

material at this temperature.” 

Two general plating methods are used: (1) Chemical reduction or reac- 
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‘-deposited refractory coatings 


TABLE I. Vapor 
Deposit Misting patans 
(Metals) 
Tungsten 3410 
Rhenium 3170 
Tantalum 3000 
Osmium 2700 
Molybdenum 2620 
Ruthenium 2500 
Iridium 2454 
Columbium 2415 
Tantalum-columbium alloy 2300 
Hafnium 1700-2230 
Rhodium 1966 
Chromium 1890 
Zirconium 1860 
Thorium 1830 
Platinum 1773 
Titanium 1725 
Vanadium 1700 
Uranium 1130 
Tantalum-titanium alloy - 
Tantalum-zirconium alloy _— 
Chromium-molybdenum alloy -- 
(Carbides) 
Tantalum carbide + hafnium carbide (4 TaC + 1 3940 
H{C) 
Tantalum carbide + zirconium carbide (4 TaC + 1 3930 
ZrC) 
Hafnium carbide (HfC) 3885 
Tantalum carbide (TaC) 3880 
Carbon 3530 
Zirconium carbide (ZrC) 3530 
Columbium carbide (CbC) 3500 
Titanium carbide (TiC) 3135 
Tungsten carbide (WC) 42865 
Tungsten carbide (W:C) 42855 
Vanadium carbide (VC) 2825 
Molybdenum carbide (MoC) 42690 
Molybdenum carbide (Mo:C) 2685 
Boron carbide (BsC, BeC) 2350-2500 
Silicon carbide (SiC) 1925 
Chromium carbide (CrsC2) 1890 
(Nitrides) 

Tantalum nitride (TaN) 3085 
Boron nitride (BN) 3000* 
Hafnium nitride (HfN) -- 
Zirconium nitride (ZrN) 2980 
Titanium nitride (TiN) 2945 
Vanadium nitride (VN) 42050 
Columbium nitride (CbN) 42050 


Tantalum carbide + tantalum nitride (TaC + TaN) 3305 
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TABLE I—Continued 


Oxidation 


Deposit moar. ane Ductility§ =, 
(Borides) 
Hafnium boride 3060 3 — 
Zirconium boride 2990 3 23 
Titanium boride — 3 2-3 
Tungsten boride 2920 3 3-4 
Boron 2300 3 3 
Tantalum boride 2000? 3 3 
Molybdenum boride 2000? 3 3 
Aluminum boride 3 3 
Silicon boride 3 2-3 
Vanadium boride 1300? 3 3-4 
Chromium boride 3 1-2 
(Silicides) 
Titanium silicide 2000? 3 4 
Zirconium silicide 2000? 3 4 
Molybdenum silicide > 1800 2 1 
Tungsten silicide 1-2 
Columbium silicide 2 4 
Tantalum silicide 1-2 3 
Chromium silicide 3 1-2 
Silicon 1420 3 3 
Chromium-molybdenum silicide - 1-2 
(Oxides) 
Zirconium oxide (ZrO) 2700 3 (1)t 
Aluminum oxide (AlsOs3) 2050 3 (1)t 
Aluminum oxide + zirconium oxide (AlxO3 + ZrO2) 2000 3 (1)t 
Chromic oxide (Cr2Os3) 1990 3 (1)t 
Silicon dioxide (SiOz) (glassy) 1713 3 1 
Silicon dioxide (SiOz) on aluminum oxide (Al2O3) 3 (1)t 


d—Decom poses before melting. 

* Under pressure. 

t The coating was too porous to prevent oxidation of the base, although not oxidized itself. 

} The melting points of the boride, silicide, and carbide coatings will, in practice, vary widely since the pure 
compounds are rarely obtained. 

§ Ductility: 

1. Capable of being severely drawn, rolled, or otherwise worked without failure. 

2. Capable of withstanding slight deformation, or consisting of individually ductile crystals fragilely 

bound together. 

3. Incapable of being worked; of glass-like brittleness. 

{ Oxidation resistance: 

Classed according to the temperature range in which the rate of attack by air would cause severe erosion or 

failure of the coated specimen within a few hours. 1.. Above 1700 C; 2. 1400-1700 C; 3. 1100-1400 C; 4. 800 

1100 C; and 5. 500-800 C. The oxidation rate also depends upon other factors, such as coat thickness and 

rate of air flow past the specimen, which have not been taken into account here. 


tion at the surface. In this class are (a) hydrogen reduction of halides, (b) 
reaction of halides with a gas containing C, N, B, Si, or O, (c) displacement 
or reaction of the base material with one of the constituents of the gas 
phase. (2) Thermal decomposition at the surface: (a) at high temperatures 
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—halides and oxygen-containing compounds, and (b) at low temperatures 
—carbonyls and hydrides. 

Most of these processes can be carried out in pyrex apparatus since the 
majority of the volatile compounds used develop the required vapor pres- 
sure below 550 C and the samples, themselves, can usually be heated inter- 
nally. Where less volatile materials such as the halides of chromium and 
vanadium are used, however, quartz, vycor, or porcelain apparatus may 
be necessary. 

Metal containers are satisfactory in some cases, but in other cases the 
corrosive nature of the reactants precludes the use of metal equipment, 
particularly in the plating zone. 
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Fic. 1. Flow chart for vapor deposition by hydrogen reduction 


The specimen is best heated by induced high-frequency currents, or by 
resistance heating, the form and composition of the specimen permitting. 
External furnace heating can be employed in some cases, but the plating 
efficiency is often low because of extensive deposition on the walls of the 
plating chamber. 

A flow sheet for the hydrogen-reduction process is given in Fig. 1, and 
two sets of equipment for vapor-phase coating work are shown in Fig. 
2 and 3. 

The reactions and general conditions for depositing the refractory metals, 
sarbides, nitrides, borides, silicides, and oxides are summarized in Table 
II. Rather than list all of the available reactions for depositing each ma- 
terial, the reaction considered best suited for that material by reason of 
convenience or quality of coating is given. Where no ideal coating method 
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exists, or where several reactions of equal value are available, more than 
one deposition reaction has been listed for a material. 

In all of the plating processes except the halide decomposition method 
for Ti, Zr, Hf, Th, V, Cr, U, and Re [reaction 2 (a)], the plating atmosphere 
is usually prepared and mixed outside of and separately from the plating 
chamber. This requires large amounts of more-or-less pure auxiliary ma- 
terials, such as hydrogen, halogens, hydrocarbons, nitrogen, carrier gases, 
etc., which are usually not conveniently recoverable after being used. With 
the halide decomposition process, a relatively small amount of halogen may 
in some cases be used to transport cyclically a large amount of metal be- 
tween the low-temperature, halide-synthesis region and the high-temper- 
ature, metal-deposition point. As starting materials, one may use relatively 
impure crude metals or carbides. Those contaminants, chiefly, O, N, and 
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Fic. 2. Continuous flow, wire coating apparatus 


C, which do not form volatile compounds are left behind and a purified 
metal is deposited. This process is not confined to depositing the metals 
listed, but can also be used with other metals which usually can be more 
conveniently deposited by other methods. 


Coating characteristics 

Physical properties—The metals, with the exceptions of Os, Ru, and 
probably Ir, can be deposited in ductile form. They can be made hard and 
brittle, however, (and often inadvertently are) by the addition of traces of 
carbon, oxygen, nitrogen, or hydrogen compounds to the plating atmosphere. 
The carbides, nitrides, borides, silicides (except tantalum silicide and, to a 
certain extent, molybdenum silicide), oxides, boron, and silicon all deposit 
in an extremely hard, brittle form. 

“ffect of deposition temperature-—Of the several factors which influence 
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the nature of the deposit, the specimen temperature seems to be most im- 
portant. Lower temperatures usually favor more finely crystalline deposits 
and high temperatures more coarsely crystalline deposits. Virtually amor- 
phous deposits are obtained at the lowest deposition temperatures, and de- 
posits of crystals several millimeters in diameter at the higher temperatures. 
At high temperatures, monocrystalline (or pseudomonocrystalline) deposits 
can be obtained if a monocrystalline base is used. At medium or low tem- 
peratures, the structure of the base has little or no effect upon the form 
of the deposit. The maximum deposition temperature in any case is gen- 
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erally the melting point of the base, of the coating, or of any reaction prod- 
uct or solid solution formed between the base and the coating. 

The specimen temperature also affects the adhesion and cohesion of the 
deposit. The less stable plating compounds tend to be reduced or decom- 
posed at a considerable distance from the heated surface at the higher 
temperatures. This causes nonadherent powder deposits, or the formation 
of nonvolatile decomposition products which are blown out of the plating 
zone before deposition can occur. The effect is especially noticeable in de- 
positing Cb, Ta, Mo, and W by hydrogen reduction of the halides; SiOz, 
Al,O;, ZrOs, ete., by the CO.+H, oxidation of the halides; and in the 
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TABLE II. Vapor-deposition reactions 


Deposit _— Gen Deposition reaction Deposition Total gas 
ypet temp, C pressure 
Metals 
Titanium l(a TiBrs + H2 ~ Ti + HBr 900-1400 1 atm 
Titanium 2(a Pils = Ti + I: 1200-1400 50 mm 
Zirconium l(a ZrBrs + He ~ Zr + HBr 900-1400 1 atm 
Zirconium 2(a) Zrl, — Zr+I1 1300-1800 50 mm 
Hafnium 2a Hfl, +. Hf +1 1600 50 mm 
Thorium 2(a rh, = Th +I 1700 50 mm 
Vanadium 2(a VI: .V+iI2 1100-1200 50 mm 
Columbium l(a CbCls + H2 ~ Cb + HCl 600-1200 1 atm 
Tantalum l(a TaCls + Hz ~ Ta + HCl 600-1400 1 atm 
inion 1( CrCle + M[+ H2+ HCl] + Cr+ MCl| 900-1200 20 to 760 mm 
M = Fe, Ta, Mo, ete 
Chromium 2(a Crile, CrIs[+ He] 4 Cr+ I. 1000-1400 10-3 to 760 mm 
Chromium 2(b Cr(CO)6+ He = Cr+ CrsC2 + CroOs 450-625 0.04 to 0.22 mm 
Molybdenum l(a MoCls + H:— Mo+ HCl 500-1100 latm 
Molybdenum 2(b Mo(CO).+ H2 = Mo+ [C, H,O 450-750 <0.75mm 
Tungsten l(a WCle+ Hz: W+ HCI 500-1100 latm 
Tungsten 2(b W(CO)s + H: + W + (C, H, 0] 500-800? <10 mm? 
Uranium 2(a ULSU+h é 1600-1800? 50 mm 
Rhenium 2(a ReCls[+ Neo] + Re+ Cle 600-1800 latm 
Ruthenium 2(b RuX2 YCO = Ru+ X:+CoO 600? 0.01-0.02 mm 
Rhodium 2(b RhX2 YCO 4 Rh+ X:+CO 600? 0.01-0.02 mm 
Osmium 2(b) | OsX:: ¥CO40s+X2+CO 600? | 0.01-0.02 mm 
Iridium 2(b IrX2 YCO 4Ir+ X:+CO 600? 0.01-0.02 mm 
Platinum 2(b PtClh: 2CO | Pt +Ch+CO 600 0.01-0.02 mm 
Tantalum-columbium l(a TaCl, + CbCls + He Ta+Cb+ HCl} 600-1200 latm 
alloy 
Tantalum-titanium alloy l(a TaBrs + TiBrs + He Ta+Ti+ HBr | 600-1200 latm 
Tantalum-zirconium alloy l(a TaBrs + ZrBr. + H2—~Ta+Zr+HBr 600-1200 latm 
(Carbides) 
Carbon 2(a CCh + C + Cle > 1000? 50 mm 
Boron carbide 1(b BCls + He + CxHy* — BuC + 1200-2000 1 atm 
HCI[CH]t 
Silicon carbide 1(b) | SiC + H: + CxHy > a SiC + HCl+ | 1300-2000 latm 
[CH] 
Silicon carbide 1(b SiCl, + He+ CxHy — &S8iC + HC1+ 2000-2400 latm 
[CH] 
Titanium carbide 1(b TiCl + He + CxHy — TiC + HCl + | 1300-1700 latm 
[CH] 
Zirconium carbide 1(b ZrCh + He + CxHy — ZrC + HCl + — 1700-2400 latm 
(CH) 
Hafnium carbide l(b HfCh + He + CxHy — HfC + HCl +] 2100-2500 latm 
[CH] 
Vanadium carbide 1(b VCk + H:+ CxHy ~ VC + HC1+ 1500-2000 latm 
[CH] 
Columbium carbide , Le) Cb + H2+ CxHy — CbC + H:+ [CH] 1300 latm 
Tantalum carbide 1(< Ta + H2+ CxHy — TaC, Ta:C, 1300-2900 latm 
TacCs + He + [CH] 
Chromium carbide 1(¢ Cr+ He+ CHa CrsCo2, CrsC2+ H2+ | 600-800 latm? 
(CH) 
Molybdenum carbide 1(< Mo + H2+ CHa MoC + He + [CH] 700 latm? 
Molybdenum carbide 1(c Mo + H:+ CHa MorC + H:+ [CH] 800 latm? 
Molybdenum carbide 2(b Mo(CO).6 + He — Moe + [C, H, O}t 300-800 0.1-3mm 
Tungsten carbide 1(¢ W +3Ne24+1H2+CxHy ~ WC + He 1000-2200 latm 
+ Nz + [CH] 
Tungsten carbide 1(¢ W + He+ CxHy ~ a W2C + H2+ [CH], 2100-2400 latm 
Tungsten carbide 1(¢ W + He+CxHy — BWC + He+ [CH] 2440-2550 latm 
Tungsten carbide 2(b) W(CO)6+ He * WeC + [C, H,O] 300-800? <10mm? 
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Deposit aT Deposition reaction 
(Nitrides 
Boron nitride 1(b BCls+3N2+1H:—-BN + HCl 
Titanium nitride 1(b) TiCh +3Ne+1H2— TiN + HCl 
Zirconium nitride 1(b) ZrCli,+3N2+1H2— ZrN + HCl 
Hafnium nitride 1(b HfCh + 3Ne+1H:— HfN + HCl 
Vanadium nitride 1(b VCk+3N2+1H:— VN + HCl 
Columbium nitride 1(c) Cb + Nz —~CbN 
Tantalum nitride I(c) Ta+Ne—~TaN 
Tantalum carbide + tan 1(c) Ta+ Ne+CxHy — TaC + TaN 
talum nitride 
(Borides 
Boron 2(b) BeHs = B+ He 
Boron 1(a) BCl;+ H:~ B+ HCl 
Aluminum boride 1(b) AICI; + BCls + H2 — Al boride + HCl 
Silicon boride 1(b) SiCl, + BCls + He — Si boride + HCl 
Titanium boride 1(b TiC + BCls + Hz — Ti boride + HCl 
Zirconium boride 1(b ZrCl, + BCls + Hz: — Zr boride + HCl 
Hafnium boride 1(b) HfCk + BCls+ He — Hf boride + HCl 
Vanadium boride 1(6 VCh+ BCls+ H:— V boride + HCl 
Tantalum boride 1(a) Ta+ BCls+ He Taboride + HCl 
Chromium boride l(a Cr+ BCls+ Hz Cr boride + HCl 
Molybdenum boride 1(a) Mo + BCls+ H2— Mo boride + HCl 
Tungsten boride l(a) W + BCl;+ H2— W boride + HCl 
(Silicides) 
Silicon l(a SiClL,+ H:— Si+ HCl 
Titanium silicide 1(a) Ti+ SiC + H2— Tisilicide + HCl 
Zirconium silicide l(a Zr + SiCl, + Hz — Zrsilicide + HCl 
Columbium silicide l(a) Cb +SiCl + Hz — Cbsilicide + HCl 
Tantalum silicide l(a) Ta+ SiCl + H:— Tasilicide + HCl 
Chromium silicide l(a) Cr+ SiC + H2— Crsilicide + HCl 
Molybdenum silicide l(a Mo + SiCl,+ H2— Mosilicides + HCl 
Tungsten silicide 1(a) W + SiC, + H2— Wsilicide + HCl 
Chromium-molybdenum 1(a) Cron Mo + SiCl, + Hz Cr-Mo 


silicide 


TABLE II—Continued 


the silicides should be readily prepared by this method. 


Aluminum oxide 1(b) AICl3 + CO2+ Hz AleOs +CO+HCI1 
Silicon dioxide 1(b SiCl, + CO2 + H2— Si02 + CO+ HCl 
Silicon dioxide 2(a) (CeHs)sSiOu[+ HeorHe] % Si02 + 

(C, H, O} 
Zirconium oxide 1(b) ZrCh, + CO2+ He ZrO2+CO+ HCl 
Chromic oxide 2(a [(CsH:O2)sCr + CO2 4 Cr:03+ 

Ic, H, 


Aluminum oxide + zir- 1(b AICls + ZrCl, + CO2 + H2 ~ ALO; + 
ZrO: + CO + HCl 


conium oxide 


X = Cl, Br, orl; ¥ = 1, 14, or 2. 


Oxides) 


silicide + HCl 
While no specific reactions of the type MCli + SiCli + Hz + MSi + HCl have been reported or carried out, 


Deposition 


temp, C 


1200-2000 
1100-1700 
1100-2700 
1100-2700 
1100-1600 
1000 
1000 
1100-1200 


400-600 
800-1600 
1000 

1100-1300 
1000-1300 
1700-2500 
1900-2700 

900-1300 
1800-2000 
1200-1600 
1800-2000 
1800-2000 


900-1400 
1100-1500 
1100-1500 
1100-1800 
1100-1800 
1100-1400 
1100-1800 
1100-1800 
1100-1800 


800-1000 
600-1000 
600-900 


800-1000 
1000 


800-1000 


Total gas 
pressure 


latm? 
latm 
latm 
latm 
latm 
latm 
latm 
latm 
latm 
latm 
latm 
latm 


latm 
latm 
latm 
latm 
latm 
latm 
latm 
latm 
latm 


latm 
latm 
latm 


latm 
latm 


latm 


* C,Hy = methane, benzene, toluene, acetylene, naphthalene, carbon monoxide + hydrogen, ete. 
t [CH], [(C, H, O] = hydrocarbon decomposition products. 


t Reaction type: 
1. Chemical reaction: 
a) Reduction of halides. 


(6) Reaction of halides with a gas containin C, N,B, Si, orO. 


(c) Displacement or reaction of the base material with one of the constituents of the gas phase. 


2. Thermal decomposition 


(a) At high temperatures—halides and oxygen-containing compounds. 


(b) At low temperatures—carbonyls and hydrides. 
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pyrolysis of carbonyl and carbonyl halide compounds (Cr, Mo, W, Ru, Rh, 
Os, Ir, Pt). The difficulty can be removed by lowering the specimen temper- 
ature or reducing the pressure of the plating atmosphere and thereby in- 
creasing the mean free path of the gas molecules. 

Effect of coating-compound concentration.—The concentration (or pressure) 
of the reactants in the plating atmosphere affects the crystallinity of the 
deposits. The lower the pressure the more coarsely crystalline is the deposit. 
Thermal decomposition of compounds in vacuo usually results in deposits 
of readily visible crystals, while coatings made at atmospheric pressure 
are usually microcrystalline. 

Effect of impurities—Impurities such as oxygen, water vapor, or oxy- 
halides in the plating atmosphere may exert a pronounced effect in the form 
of the deposit as well as its properties. Difficulty in obtaining smooth de- 
posits has frequently been traced to the presence of impurities such as 
oxygen or nitrogen which form nitrides or oxides in the deposit. The most 
pronounced effect of impurities is, however, the embrittlement of refractory 
metals such as tantalum, titanium, or vanadium by rather small quantities 
of oxygen, nitrogen, or carbon. 

The purity of the deposit (as element or compound) depends upon the 
purity of the starting materials and upon the plating conditions. In the 
hydrogen-reduction process, the desired halide compound should be free 
of other volatile, reducible halides and of oxyhalides and halogens. The 
hydrogen used must be free of oxygen, nitrogen, and hydrocarbons if ductile 
metal deposits are desired. In depositing pure compounds, temperatures 
and reactant concentrations are so chosen, where possible, that the speci- 
men temperature is above the melting point of the metal component of 
the coating, while the concentration of the nonmetallic component (C, N, 
B, etc.) is less than that of the metallic component as it exists in the de- 
sired compound. Thus, neither free metal nor free nonmetal can be de- 
posited (3). This arrangement, however, does not prevent the formation of 
several mutually soluble compounds. 


Rate of deposition 


Deposition rates vary with the material deposited and the process used. 
Hydrogen reduction of certain metal halides proceeds at 7.5 to 65 microns 
per minute, but in some cases, particularly with the thermal decomposition 
processes, much lower deposition rates are obtained. 

The thicknesses of vapor deposits may be varied within a wide range— 
from a few tenths of a micron to several millimeters. The average deposit 
runs from 25 to 250 microns in thickness, depending upon the type of 
service required of the coating. 


Uniformity 


Coating uniformity depends chiefly upon the uniformities of specimen 
temperature and of rate of supply of fresh plating atmosphere to all sur- 
faces of the sample. Nonuniform specimen temperatures result in heavier 
deposits on the hotter portions, except under conditions where the higher 
temperatures produce premature reaction of the plating atmosphere. Uni- 
form specimen temperatures are most readily obtained with external 
heating, but at the cost of lower plating efficiency. Internal heating, by 
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induction, will, in most cases, give uniform specimen temperatures if a 
judicious coil design has been employed. 

A uniform supply rate of fresh plating atmosphere is more difficult to 
obtain than uniform specimen temperature, especially on stationary sam- 
ples. With nonturbulent flow at near-atmospheric pressures, the material 
tends to deposit in pronounced streamlines and on the windward side of 
objects. Such nonuniformity can be reduced or eliminated by rotating or 
inverting the specimen during plating or between consecutive plating 
periods, and by proper baffling of the coating chamber so as to produce 
turbulent gas flow through it. 

Operation at reduced pressure is sometimes useful in improving deposit 
uniformity, particularly in processes where premature reduction of the 
plating atmosphere presents a problem. 

Another cause of nonuniform coatings is the “edge effect” whereby de- 
position occurs faster at sharp corners, edges, and highly curved surfaces. 
In most cases the excess material deposited at these points is not objection- 
able, but, if so, it can be easily removed by grinding or machining, or can 
be avoided by giving the specimen rounded edges and corners. 


Efficiency of vapor-deposition reactions 


Plating efficiency, as measured by the proportion of material deposited 
to material supplied as volatilized compound, varies greatly with the plat- 
ing process and with the conditions used within any one process. 
The thermal-decomposition-in-vacuo processes are close to 100 per cent 
efficient. Values of 10 to 80 per cent have been observed in plating metals 
by hydrogen reduction of the halides, while the oxide-deposition processes 
are probably only a few hundredths or tenths of a per cent efficient, as 
normally conducted. 


Products plated 


A wide variety of products and materials have been coated by vapor 
deposition. Adherent, nonporous deposits of all of the materials listed in 
Table I have been obtained on one or more of the following: copper, nickel, 
iron, tantalum, molybdenum, tungsten, a variety of alloy steels, graphite, 
porcelain, quartz, alumina, pyrex, and carbide compounds. Metals have 
been coated on nonmetals and vice versa. 

In addition to wire, rod, tubing, and strip, numerous articles such as 
pyrometer wells, die blocks, nozzles, crucibles, cyclotron- and x-ray-tube 
targets and magnetron rings have been coated. Most of the work has been 
carried out as a batch process, but certain of the refractory metals (Cb, 
Ta, Mo, W) have been coated on iron, copper, and molybdenum wires in 
diameters from 0.125 to 1.5 mm by a continuous-flow process. 

The vapor-deposition processes have had only limited commercial ap- 
plication to date. A number of patents have been issued on the coating of 
wires for lamp filaments, but it is doubtful if any extensive commercial 
use has been made of filaments prepared in this fashion. The Foote Mineral 
Company is producing ductile zirconium in commercial quantities by the 
iodide decomposition process, and the similar production of ductile titanium 
is under development at the Battelle Memorial Institute and probably 
elsewhere. 
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The siliconizing of iron in a SiCl-H2 atmosphere has been used to im- 


prove the corrosion resistance and chromizing by the pack method using 
CrCl. as the chromizing agent is finding increased use for the same pur- 
pose. Chromized iron was used by the Germans during the last war to extend 


the supply of scarce corrosion-resistant materials. 


—Tantalum 
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Fig. 4. Tantalum on 0.072 inch (1.83 em) diameter O.F.H.C. copper wire, 15 minutes 


at 900 C, X 1000. 
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Fic. 5. Tantalum on high-purity iron, 39 minutes at 1000 C, X 250 


The hydrogen-reduction process has been developed for depositing Cb, 
Ta, Mo, and W on commercially useful articles, but has not been exploited 
commercially as yet (4). 

Micrographs of a number of typical deposits appear in Fig. 4 to 13. 


Possible applications of vapor-deposition processes 


1. In many applications, the body of an object is not excessively heated, 
yet fails through progressive attack initiated at some point in a thin skin 
at a heated surface. Vapor plating with a thin film of a high-melting ma- 
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—Tantalum 


—Tantalum- 
nickel] alloy 






Fia. 6. Tantalum on nickel, 1300 C, X 750 
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FiG.7 Fia.8 
Fic. 7. Chromized molybdenum (pack method). Six hours at 1000 C, X 500 
Fic. 8. Chromium on molybdenum by the di-iodide decomposition-in-vacuo 
method. One hour at 1000 C. 


Molybdenum disilicide 
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silicide 
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Fic. 9. Siliconized molybdenum. One hour at 1200 C, X 200 
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terial resistant to oxygen, nitrogen, water vapor, etc., would help to avoid 
this. Such materials exist in the carbides, nitrides, borides and some of the 
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Fic. 10. Tantalum boride on tantalum, 15 minutes at 2000 C, X 500 
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Fig. 11. Boron on molybdenum, 15 minutes at 1000 C, X 500 
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Fic. 12. Boron on tungsten, 15 minutes at 1500 C, x 500 


silicides and oxides of the high-melting metals and the metalloids of the 
third, fourth, fifth, and sixth periodic groups. Specific applications might 
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be: (a) combustion chamber linings, (b) exhaust chamber linings, (c) tur- 
bine blade coatings, (d) valve linings, and (e) heat exchanger and regen- 
erator elements. 

2. Hard, erosion-resistant surfaces are required in some applications. The 
carbides, nitrides, and especially the borides of the aforementioned metals 
would be suitable coating materials here. Their hardnesses approach that 
of diamond, but some of the materials are, unfortunately, extremely brittle. 
Possible applications might be: (a) linings for solid fuel injection nozzles 
and shot-blasting nozzles, or (b) bearing surfaces. 

3. Miscellaneous applications, where vapor deposition might expedite or 
make possible the fabrication of parts, are the preparation of: 

(a) Nitride and boride superconductors for use in heat-sensitive elements 
of measuring or control instruments. The borides possibly possess even 
more phenomenal properties than some of the nitrides which become super- 
conductive at unusually high temperatures (3). 

(b) Thin, small elements for thermocouples, resistance thermometers, 
bolometers, etc. Elements more sensitive, of less time lag, or more stable 
at high temperatures could be prepared. 


Aluminum 
and zircon- 
ium oxides 
—Molyb- 
denum 





ey . ‘ 


Fic. 13. Al,O;+ZrOz on molybdenum, two hours at 875 C, etched in boiling 
H2Oe+HF. 500. 


(c) Vacuum- and photo-tube elements of improved electrical or optical 
properties (work function, secondary electron emission, spectral sensitivity). 

(d) Transparent, aspheric lens elements prepared by a process similar 
to the preparation of paraboloidal mirrors by metal evaporation through 
a rotating mask. 

(e) Large, transparent blocks or crystals of oxides such as SiOz, ZrO2, MgO, 
AlOs, ete. 

(f) Electrically conductive, porous coatings of high-melting, refractory 
metals on porous ceramic bodies. 

(g) Tubes and sheets of hard, refractory materials (prepared by coating 
a removable core; for example, nonporous tungsten furnace tubes have been 
prepared by vapor deposition). 

(h) Massive quantities of hard, refractory, or highly pure materials. 

(¢) Corrosion-resistant chemical ware. 


CONCLUSIONS 


Vapor-deposition processes can be used to deposit all of the refractory 
metals, carbides, borides, silicides, nitrides, and oxides. The deposition of 
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the metals and carbides and the formation of carbides, borides, silicides, 
and nitrides can be carried out under conditions that appear suitable for 
commercial development where conventional methods are either lacking or 
unsatisfactory. The deposition of oxides is considerably more difficult, as 
will be pointed out in a later article and, will, in all likelihood, be of value 
only in special applications, having little general utility. 

The care of deposition and the necessity for careful control of plating 
and treating conditions vary considerably with the nature of the deposit 
desired and with the base material used, but the variety of reactions avail- 
able for obtaining a given coating give the processes considerable flexibility 
and make it possible not only to obtain coatings of pure metals and com- 
pounds, but mixed coatings as well. 
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